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ABSTRACT
REPEATABILITY OF KINEMATIC AND KINETIC DATA IN THE 
ANALYSIS OF NORMAL HUMAN GAIT
Computerized gait analysis (CGA) is a powerful tool used to study the intricacies 
of human walking. The CGA tool is being used to make objective observations of human 
movement patterns. It is essential that acceptable repeatability of kinematic and kinetic 
data be established so that clinicians can detect actual changes between successive tests. 
This study assessed the repeatability of kinematic and kinetic waveform data from test 
and re-test trials on 15 subjects. Intratester and intertester data were ecamined to 
determine how much error existed due to marker placement between trials and testers. 
Part n  of this study assessed the repeatability of one subject’s gait over nine different 
days to determine the efrects of neuromuscular variability on kinematic and kinetic data..
Results showed that CGA data were repeatable at all joints and in all planes 
except for the frontal and transverse planes of the knee, the transverse plane of the hip 
and the sagittal plane of the pelvis. Intratester data were found to be more repeatable 
than intertester data. Part II of this study showed a high degree of repeatability in 
kinematic and torque data, but not in power data over repeated test sessions.
Based on these results, clinicians can be confident that the data produced by CGA 
are repeatable when one or more testers perform marker placement. The resulting data 
can be used in conjunction with the results of the clinical examination, videotape 
analysis, and EMG data to make recommendations for surgical and conservative 
treatment.
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KEY TERMS
Cadence: Number of steps per unit of time.
Cycle Time (Stride Time): The amount of time required to complete a gait cycle; 
measured in seconds.
Gah Cycle: The time from initial contact (IC) to ipsilateral IC.
Ground (Floor) Reaction Forces: Vertical, anterior-posterior, and medial-lateral frirces 
created as a result of foot contact with the supporting sur6ce.
Initial Contact: The moment when the foot contacts the ground.
Initial Swing: The thigh begins to advance as the foot comes off the floor.
Kinematics: A description of the type, amount and direction of motion; does not include 
the forces producing the motion.
Kinetics: The study of the forces that cause motion.
Loading Response: Weight is rapidly transferred onto the outstretched limb, the first 
period of double-limb support.
Mid-Stance: The body progresses over a single, stable limb.
Mid-Swing: The thigh continues to advance as the knee begins to extend; the foot clears 
the ground.
Pre-Swing: A rapid unloading of the limb occurs as weight is transferred to the 
contralateral limb, the second period of double limb support
Qualitative Gait Analysis: The identification and description of gait patterns.
Quantitative Gait Analysis: The measurement in distance and time of gait variables.
Random Error: A measurement error that is not constant, potentially increasing or 
decreasing the true score value to varying degrees.
Single Limb Support: The period when the body progresses over a single, stable limb. 
Weight is transferred onto the metatarsal head and the heel comes off the ground. This 
functional task includes Mid-Stance and Terminal Stance.
vii
Step Length: The linear distance between two successive points of contact of the right 
and left lower extremities.
Stride Length: The linear distance between two consecutive foot contacts of the same 
lower extremity.
Swing Limb Advancement: The time when the limb is unloaded and the foot comes off 
the ground. The limb is moved from behind the body to in front of the body, reaching out 
to take the next step. The phases of Pre-Swing, Initial Swing, Mid-Swing and Terminal 
Swing are components of this period.
Systematic error: A form of measurement error, where error is constant across trials.
Terminal Stance: Progression over the stance limb continues. The body moves ahead of 
the limb and weight is transferred onto the forefoot.
Terminal Swing: The knee extends; the limb prepares to contact the ground for Initial 
Contact.
Torque (Moment of Force): The turning or rotational effect produced by the application 
of a force with units usually expressed in Newton meters.
Weight Acceptance: The phases of Initial Contact and Loading Response. This is the 
period when weight is rapidly loaded onto an outstretched limb. The impact of the floor- 
reaction force is absorbed and the body continues in a forward path while stability is 
maintained. Both feet are in contact with the ground.
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CHAPTERl
INTRODUCTION
Bipedal locomotion, or ambulation, is one of the most important of all human 
activities. Efficient ambulation allows an individual to fully participate in the 
surrounding environment. Dysfunctional gah, resulting from lower mctremhy 
impairments or a neurological insult to the central nervous system, may hinder the 
efBciency with which a person is able to ambulate and to perform other activities of daily 
living. Both surgical and conservative treatments of the physical abnormalities that affect 
gah have been employed to restore functional gait for everyday activhies. Accurate 
identification of the primary deviations responsible for pathological gah is important for 
the success of these treatment methods. Therefore, accurate and detailed analysis of 
pathological gait is essential for effective treatment.
Many people have sought to find the most accurate and efficient method to 
analyze gah. As early as the Renaissance, da Vinci, Galileo and Newton developed 
systematic ways to describe and observe gait (Whittle, 1991). In the late nineteenth 
century, Etieime Marey developed the first force plate, dynamometric table and high 
speed photography system to capture human gait (Braune & Fischer, 1987). Edweard 
Muybridge also used high speed photography and trip wires to establish temporal and 
distance parameters for equine and human locomotion (Braune & Fischer, 1987).
Although observational gait analysis is most commonly used in clinical settings, 
advances in technology have provided many other methods of gait analysis. These 
methods include the use of accelerometers, high speed photogr^hy, electrogoniometers, 
video-based motion analysis systems and optoelectiic marker systems (Whittle, 1991). 
Clinical gait analysis laboratories most often utilize video-based motion analysis systems.
Data from computerized gah analysis (CGA) can provide the physician with 
additional insights regarding the primary impairments that are influencing a client’s 
pathological gah. Information obtained from a clinical examination is combined whh 
information from a biomechanical analysis of gah to aid the physician in choosing an 
appropriate surgical or conservative intervention to correct the gait deviations. If surgery 
is the treatment of choice, simultaneous, rather than serial, multiple surgical corrections 
can be performed whh more confidence. Thus, the risk of complications and the long 
periods of recovery due to repeated interventions can be reduced (Gage, Fabian, Ificks, & 
Tashman, 1984). Addhionally, physicians can determine the effectiveness of an 
intervention by comparing the pre-surgical analysis of gait with post-operative gait data 
(Gage et al.. Gage, 1993). If the data are imprecise, valid prediction regarding the 
success of surgical interventions and evaluation of surgical results will be made.
Threats to the reliability o f the data collected using video-based motion analysis 
systems have been identified (Marks & Karkouti, 1996; Kadaba et al. 1989; Growney, 
Meglan, Johnson, Cahalan, & An, 1997). One of the major threats is the effect that 
reflective marker placement over anatomical landmarks has on the resulting kinematic 
and kinetic data. Errors in maricer application and reapplication may diminish the
repeatability of determining joint motions, location of joint centers and, indirectly, joint 
moments and powers. Marker application on individual subjects may vary due to human 
error, anatomical landmark morphology and body type of the subject.
Attempts have been made to assess the repeatability o f gah data collected by 
video-based motion analysis systems (Marks & Karkouti, 1996; Kadaba et al., 1989; 
Growney et al., 1997). These studies determined the repeatability of the data produced 
by a variety of analysis systems. However, due to the uniqueness of each system and test 
protocols, the results of previous repeatability studies are not readily generalizable for use 
in all clinical gah laboratories and under all testing conditions. Establishment of the 
repeatability of marker placement used by individual clinical gah laboratories is needed if 
clinicians are to make dependable recommendations based on these data.
In order to obtain repeatable data, the procedures used in the testing situation must 
be consistent between testers and between sessions. Evidence of this consistency could 
provide the clinician whh the confidence that kinematic and kinetic gah data will be 
sufficiently similar among testers and among sessions. Therefore, the purposes of this 
study were:
1) To test the repeatability of reflective marker application between sessions and 
between testers by assessing the repeatability of resultant kinematic and kinetic 
gait analysis data.
2) To examine the effect that neuromuscular variability had on the repeatability of 
gait analysis data.
It was hypothesized that there would be a high degree of repeatability of 
kinematic and kinetic data for the same tester on different days, while the repeatability of 
the data between testers would be lower. It was also hypothesized in Part II of the study 
that variability of human gait iS'om day to day may partially explain the differences in 
intratester and intertester data.
CHAPTER2 
LITERATURE REVIEW
To begin the literature review, a description of normal gah is provided to establish 
a suitable lexicon for dialogue on this subject. Following this description, an assessment 
of various types of gah analysis systems is provided to determine the strengths and 
weaknesses of the system used in this study. Next, an analysis of previous research on 
the repeatability of gah data is completed to build a foundation for this study. Finally, the 
error associated whh components of the data collection ^stem  is discussed to provide 
background information regarding error-producing variables.
The Gah Cvcle
One gah cycle is the time &om inhial contact (IC) to ipsilateral IC. An 
understanding of the parameters that compose a normal human gait cycle must precede 
analysis of gah patterns, normal or pathological. Authors such as Inman (Rose &
Gamble, 1994), Murray (1967) and Grieve (1966) were among the first to develop and 
publish descriptions of gait, upon which later researchers based their work. One such 
group of researchers, based at the Ranchos Los Amigos Pathokinesiology Laboratory, 
define normal human gait as a repeated “...basic sequence of limb motions that serve to 
progress the body along a desired path while maintaining weight-bearing stability, 
conserving energy and absorbing the shock of floor impact” (1996, p. 5).
One way to describe and understand gait is to divide it into phases. Human gait is 
divided into a stance phase and a swing phase (Rose & Gamble, 1994; Magee, 1987; 
Perry, 1992; Ranchos Los Amigos, 1996; Winter, 1990). It is conventionally accepted 
that stance phase and swing phase each occupy ^proximately 60-62% and 38-40% of 
one gah cycle, respectively. These phases can be further divided into three functional 
tasks: weight acceptance, single limb support and swing limb advancement.
During the task of weight acceptance, initial contact and loading response occur. 
Initial contact has traditionally been referred to as heel contact or heel strike (Noridn & 
Levangie, 1992). However, because all humans do not first strike the ground with the 
heel, contemporary authors now agree that initial contact is a more appropriate term for 
the first stage of weight acceptance (Magee, 1992; Perry, 1992; Rose & Gamble, 1994). 
Loading response during weight acceptance serves to absorb shock and preserve forward 
momentum.
The second functional task of gah, single limb stance, consists of two sub-phases: 
mid-stance and terminal stance. During this entire task, the stance limb supports the total 
weight of the body while the opposhe limb is in swing phase. Acceleration of the body 
occurs during terminal stance, insuring adequate step length of the swing limb.
During the third functional task of swing limb advancement (SLA), foot clearance 
and limb advancement occur. The four subphases of SLA have been defined using a 
variety of terms (Rose & Gamble, 1994). For example, researchers at Rancho Los 
Amigos Pathokinesiology Laboratory (1996) label the four sub-phases as pre-swing, 
inhial swing, mid-swing and terminal swing. In normal gait, pre-swing involves rapid 
passive knee flexion and passive ankle plantarfiexion while the foot is in contact whh the
ground. Weight shift to the contralateral limb occurs in pre-swing. During initial swing, 
the hip and knee actively flex, and the thigh b^ins to advance whh foot clearance. Thigh 
advancement and foot clearance continue as the hip actively flexes during mid-swing. 
Throughout the latter portion of SLA, the ankle is normally dorsiflexed to 0°. At 
terminal swing, the knee is extended to neutral and the foot contacts the ground, thus 
completing one gah cycle.
Methods of Gah Analvsis
The coordinated sequence of the phases of gah result in fluid locomotion of the 
body. In addition to the observation of the kinematic subphases of gah, description of the 
human gait cycle includes notation of temporal-spatial parameters such as stride length, 
step length and step width. Using a system of observational gah analysis (OGA), trained 
clinicians are able to evaluate kinematic and temporal-spatial parameters to identify 
possible causes of abnormal gait patterns.
Galileo, da Vinci and Newton were forerunners in the development of OGA 
(Whittle, 1991). More recently, Bnmnstrom (1964), Perry (1992) and researchers at the 
Ranchos Los Amigos Pathokinesiology Laboratory (1996) have contributed to the 
creation of an observational method for the critical analysis of gait. OGA is inexpensive 
and a convenient way to assess a patient’s mobility in their home or community because 
it does not require any equipment. Physicians and physical therapists often use OGA to 
objectively delineate the gait deviations of pathological condhions, and it has become 
necessary to assess the validity and reliability of this method. Several authors have 
reported that clinicians can describe the kinematics and temporal-spatial characteristics 
(stride length, base of support, cadence and limb stance to swing ratio) of gait using the
8observational method (Krdjs, Edelstein, & Fishman, 1985; Eastlack, Arvidson, Snyder- 
Mackler, Danofi  ^& McGarvey, 1991; Whittle, 1991). However, Krebs et al. (1985) 
reported that within-rater reliability for observational gait analysis was only 69% 
efifective. The between-rater reliability was 67.5% effective. OGA of gah analysis 
appears to be limhed by the high rate of speed at which specific events h^pen during the 
gah cycle. The human eye is unable to see all motions in every plane at every moment 
(Harris, 1994; Krebs et aL). Also, observational gah analysis cannot determine lower 
extremity joint loads, muscle torques and powers and myoelectrical activity during 
walking.
Observational error can be decreased by viewing standard videotaped images in 
slow motion or fiame-by-frame. Although these systems collect data in only one 
dimension, two or more cameras can be used to capture human gait in two or three planes 
simultaneously. Eastlack et al. (1991) examined the reliability of clinicians’ ability to 
identify gah dysfunctions throughout the gah cycle using videotapes. Clinicians clicked 
a computer mouse button every time a gait dysfunction was observed. Data were 
analyzed by examining the agreement of the observed gah dysfunctions between the 
clinicians. Eastlack et al. found only slight to moderate intratester reliability with the use 
of videotaped gah analysis. The static values from chance agreement or the Kappa 
statistic for knee flexion at various subphases of gait ranged from 0.04 to 0.36. 
Temporal-spatial factors were also found to have moderate intratester reliability. For 
example. Kappa coefficients for stnde length and cadence were 0.39 and 0.31, 
respectively. Intertester reliability of observational analysis using videotape was 
increased when compared to the observational gah analysis method without videotape.
Wall and Crosbie (1997) compared two different methods of calculating the 
temporal parameters of the gait cycle at a variety of walking speeds. The first method, 
field identification, involved t^ e rs  observing several videotaped walking trials of five 
different subjects. Viewing the video frame by frame, the testers identified the fi"ames in 
which key events of gait occurred. The fi*ame number was converted into its 
corresponding time value, and the time intaval for k ^  events was compared with force 
plate data. The second method, slow motion video, consisted of testers viewing video 
taped walking trials of the five subjects in slow motion. The testers clicked a mouse 
button every time a key event occurred. The time between clicks of the mouse was 
considered the time interval for key events, and these data were compared to force plate 
data collected during each of the trials. The authors found that there was a close 
correlation between the intervals determined by both o f the methods used, regardless of 
the speed at which the subjects walked. Intrarater and interrater agreement of the 
components of gah were 99% and 94%, respectively. The authors concluded that slow 
motion video analysis had a high degree of reliability when compared whh field 
identification, and that both methods were comparable with force platform timing data.
Electrogoniometers and accelerometers were developed to decrease dependence 
on the human eye to describe the kinematics of human gah. Electrogoniometers have 
been used to measure joint rotation in any or all of the three planes: sagittal, fi’ontal and 
transverse (Whittle, 1991). The resulting data provide the clinician with measurement of 
joint angles during gait. Accelerometers measure transient movement of the limbs during 
the gait cycle (Whittle). When three accelerometers are placed on a limb at right angles 
to each other, the acceleration of the limb can be measured in each plane. However,
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since the equipment used in each o f these devices is large and bulky, their attachment to 
the body may interfere with movement and therefore may be inappropriate for use in the 
measurement of dysfunctional gait in children (Dainty & Norman, 1987).
Presently, most clinical gait laboratories use computer-assisted motion analysis 
systems. These systems are made up of several components which help the clinician to 
determine the joint angles, powers and torques and muscle activity. Computer-assisted 
motion analysis systems can be divided into two varieties, video-based and optoelectric 
systems. The video-based systems use a passive retroreflective marker set while the 
optoelectric systems use active marker sets with each marker containing its own light 
source. In both types of systems, markers are placed on the skin over specific anatomical 
landmarks and their location is used to create mathematical representations of the limb in 
three-dimensional space.
Optoelectric marker systems are used more effectively in research settings and are 
associated with a higher degree o f accuracy (Whittle, 1991). However, bulky equipment 
must be attached to the subject which could lead to alterations in a client's gait, especially 
in subjects where the ratio o f equipment to body mass is large. Optoelectric systems 
require many wires that may also binder a subject’s normal gait pattern. The utility of 
optoelectric systems in clinical gah analysis is therefore reduced since many of the clients 
are children. The video-based motion analysis systems reduce the equipment to body 
mass ratio and are better suited for use as a clinical tool. Both systems allow for nearly 
immediate availability of the final kinematic and kinetic data, allowing the clinician to 
make timely recommendations to the referring physician (Scholz, 1989; Whittle, 1991).
Il
Both types of computer-assisted motion analysis ^sterns vary in the number and 
the set-up of cameras around a designated walking space. The combination of camera 
information and computer data is used to determine the position of the markers during the 
gait cycle. Force plates are placed in the walkway to collect ground reaction force data. 
The force plate and cameras are usually synchronized using computer software. Some 
clinical gah laboratories use footswhches to collect spatio-temporal data and 
electromyography techniques to record the activity of the muscles throughout the gait 
cycle (Perry, 1992; Rose & Gamble, 1994; Whittle, 1991).
Standards regarding the location of reflective marker placement for the lower 
extremity and trunk for gah testing do not currently exist. Evidence regarding the 
repeatability of marker placement protocols is also lacking. The limited number of 
studies on repeatability of marker placement that do exist were completed using different 
types of marker placement protocols, different types of motion acquishion systems and 
different testers (Marks & Karkouti, 1996; O’Connor, Robinson, Shirley, & MacMillan, 
1993; Vander Linden, Carlson, & Hubbard, 1992).
Previous Reliability Studies
In a study by Marks and Karkouti (1996), the effect of marker application on the 
measurement of knee angles in a static test position was explored. The test was done 
statically to concentrate on the effects of marker reapplication alone and to avoid other 
variables, such as soft tissue movement and variability in neuromuscular control, both of 
which produce error in dynamic testing. The thirty-two healthy men and women 
included in this study participated in three separate test sessions each one week apart 
Skin-mounted retroreflective markers were placed on the greater trochanter, lateral
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femoral condyle and the lateral malleolus. During each session, subjects were asked to 
assume two different test positions. First, the subjects were asked to stand erect on the 
test leg. In the second position, the test leg was positioned on a 60° inclined wooden 
support to allow the knee to maintain approximately 30° of flexion. The opposite knee 
was held at an angle between 60° and 80°. Two photographs were taken of each test 
position using a 35-mm camera. Before the second photograph of each test position was 
taken, five minutes elapsed so that the matters could be removed and reapplied. Angles 
of the knee were determined by drawing lines linking the greater trochanter, lateral 
femoral condyle and lateral malleolus. Knee angles were measured using a standard 
protractor marked in 1° increments. The authors found that knee extension 
measurements were more variable than knee flexion measurements because the subjects 
were allowed to control the stance position. Differences in subjects’ knee joint 
hypermobility and body sway were thought to cause differences in the knee position 
during extension. In general, Marks and Karkouti found within-day data to be more 
reproducible than between-day data. On average, a difference in 2.2° of random change 
in knee joint angles were found.
Using a computerized gait analysis (CGA) system, Kadaba et al. (1989) examined 
the effects that marker application and reapplication had on the repeatability of 
kinematic, kinetic and EMG data. Data were collected on forty subjects. Lightweight, 
active markers were placed bilaterally on the skin overlying the acromion processes, 
anterior superior iliac spines (ASIS), greater trochanter, knee joint line, lateral malleolus 
and dorsum of the foot. An 8-cm posterior sacral wand and two lateral wands, measuring 
7-cm each were also used. The lateral wands were attached to the mid-thigh and mid­
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shank of subjects using elastic cuffs. The hip joint center of each subject was estimated 
using length as the indq>endent variable. The knee joint center was assumed to lay 
half way between the medial and lateral femoral condyles in the plane formed by the 
knee marker, thigh wand maiker and the hip joint center. The ankle joint center was 
assumed to lay half way between the medial and lateral malleoli in the plane formed by 
the knee joint center, shank wand marker and ankle maiker. Three-dimensional rotations 
of the ankle, knee, hip and pelvis were determined using Euler angle definitions and 
embedded coordinate systems.
Each subject was tested on three different days, at least a week apart. During 
each test session, three walking trials were recorded for each lower extremity. Data were 
expressed in graphic waveforms, and the similarity or variability of waveforms were 
statistically evaluated to determine the repeatability o f kinematic and kinetic data. Joint 
angle motion in the sagittal plane was found to be more repeatable than in the transverse 
or fi-ontal plane. The mean coefficients of multiple correlation (CMC) or R values 
(where 1.00 is perfectly correlated and 0 is uncorrelated) for motion at the hip, knee and 
ankle joints ranged between 0.410 to 0.996 in both between-day and within-day tests. 
Kinetic data within a test day were found to be more repeatable than kinetic data 
collected between test days. However, this study did not examine the effects of 
intertester marker placement on the reproducibility o f gait data
Drawing heavily fi^ om the study by Kadaba et al. (1989), Growney et al. (1997) 
sought to assess the reproducibility of kinematic and kinetic gait data and to examine the 
errors that contributed to gait data variability. As opposed to Kadaba et al., Growney et 
al. used a CGA system that was different firom the system utilized by Kadaba et al.
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Growney et al. also used a bilateral upper extremity and lower octremity marker 
placement protocol. The lower ectremity marker placement protocol used markers on the 
skin overlying the right and left ASIS, a 20-cm wand over the sacrum and six 10-cm 
wands placed on the mid-thigh, mid-shank, lateral femoral condyles, lateral malleoli, 
between the first and second metatarsal heads and on the heels. In this study, one tester 
applied and reapplied the markers on subsequent trials. The hip joint center was 
determined by the coordinates of the left and right ASIS and the sacral wand markers.
For Growney et al. (1997), the time-distance parameters were more reproducible 
within days than between days. The comparison of right and left joint angles showed that 
within-day reliability was generally greater than between-day repeatability. For within- 
day testing, the coefficient of multiple correlation values for all right lower extremity 
joints ranged from 0.766 to 0.997. Between-day CMC values ranged from 0.407 to 
0.922. Force plate data were also analyzed and showed CMC values for the right lower 
extremity o f0.988 for both vertical and (bre-aft shear forces. The CMC value for 
medial-lateral shear forces on the right was 0.938 for the within-day tests and was 
sufficient enough to suggest high reproducibility. Growney and colleagues suggested 
that error magnification in Euler calculations could increase the variability of error. With 
regard to maricer application and reapplication, the authors suggested that reapplication 
errors resulted in waveform shape changes primarily in the frontal plane. For sagittal 
plane pelvic movements, marker reapplication resulted in waveform shifts or offiets. The 
low reproducibility of ankle adduction moments was likely caused by reapplication errors 
that affected the position of the ankle joint center location. Growney and colleagues
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concluded that the reproducibility values of kineniatic and kinetic data were high enough 
to warrant confidence in computer-assisted gait analysis results for clinical use.
Causes of Variability in Kinem atic and Kinetic Data 
In any measurement system, some degree of error exists. In video-based motion 
analysis systems, error can lead to variability o f kinematic and kinetic data. Sources of 
error need to be identified and evaluated so that changes can be made to increase the 
reliability of data. For mcample, operational definitions of reflective marker locations 
combined with a decreased number of reflective maikers and wands may increase the 
repeatability of kinematic and kinetic data among testers.
Reliability is affected by two types of measurement errors, systematic and 
random. Random error is due to unpredictable changes within the measurement system 
or within procedures in data collection that occur by chance. Systematic error occurs 
unidirectionally and consistently tends to either overestimate or underestimate the actual 
score (Fortney & Watkins, 1993).
Random error is difficult to correct or compensate for during the data collection 
process. One source of random error that causes variability in the data is soft tissue 
movement (Growney et al., 1997). The marker placement protocol and development of 
body segment coordinate systems are based on the assumption that the body segments 
remain rigid throughout the gait cycle. Under that assumption, coordinates fi'om markers 
in one position can be related to coordinates fi’om the same markers in different positions. 
However, since markers are affixed to the skin, which is not rigid, motion of the skin 
over muscle and bone during gait causes small movements of the markers. As a 
consequence of these small oscillations, errors in the calculation of embedded coordinate
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systems and the instantaneous joint centers occur (Cheze, Fregly, & Dinmet, 1994; 
Kadaba et al., 1989).
In an attempt to quantify the amount of error due to soft tissue movement, 
Cappozzo (1991) performed both isometric exercise trials and walking trials on one 
subject. He reported differences in the marker coordinates of the greater trochanter and 
the lateral femoral condyle of 10-mm and 7-mm, respectively, during walking. However, 
he found only a 4-mm difference at both the greater trochanter and the lateral femoral 
condyle during isometric contraction exercises. Since there was no substantial movement 
of the greater trochanter and the lateral femoral condyle during isometric exercise, 
Cappozzo concluded that the 7 to 10-mm error in these data were solely due to movement 
of soft tissue.
In a study by Holden et al. (1997), skin-mounted markers and a percutaneous 
skeletal tracker (PST), which was attached to the medial and lateral malleoli, were used 
on three subjects to explore the amount of error in kinematic and kinetic data due to skin 
movement. Errors caused by skin movement resulted in as much as 8® of variance for 
internal and external rotation of the lower leg. The greatest amount of error in rotation 
about the anterior-posterior and medial-lateral axes was 3°. Differences in kinetic data 
derived from the system utilizing surface mounted markers and the PST were considered 
by the authors to be significant. The coefBcient of variation (CVR), defined as the mean 
standard deviation/signal range, was 3.5% for force and 4.7% for moments within a 
subject. Between subjects, CVR ratios were 6.6% for force and 8.2% for moments. This 
additional evidence highlights the fact that more research on the effects of skin mounted
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markers have on reliability of kinematic and kinetic data is still needed for other marker 
placement protocols.
A second cause of random error is noiromuscular variability. Winter (1984) 
examined the variability of nairomuscular control during the gait task as a possible 
contributor to random error. He suggested that the kinetics of human walking changed 
from day to day without any predictability. Kadaba et al. (1989) also discussed 
neuromuscular changes as a possible explanation of the variability in between-day data. 
Growney et al. (1997) concurred that between-day differences in kinematic and kinetic 
data were due to nairomuscular changes. Smith (1993) also studied the effects of 
neuromuscular control on gait. He concluded that, because of the day-to-day variations 
in human walking, multiple trials per subject were needed when collecting normative 
data. However, Smith found the repeatability of human walking to be high enough in 
repeated trials within a day that only one walking trial was needed to accurately depict a 
subject’s gait pattern during a clinical test.
Systematic error also causes data to be less reliable. One source of systematic 
error in video-based motion analysis systems may be optical distortion of the camera 
lens. For example, in the infrared camera system manufactured by BTS\ the camera lens 
has certain irregularities that lead to approximately 2-mm of error in marker location (D. 
Marchinda, personal communication, June IS, 1997). In the three-tiered camera set-up of 
the COSTEL® system utilized by Cappozzo (1991), optical distortion was found to 
create 4-nun of error in the frontal and sagittal plane and 6-nun of error in the coronal 
plane.
 ^BTS. Bioengineering Technology Systems, Milan, Italy.
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A second cause of systematic error in CGA is the error caused by the 
mathematical calculations of the location of a matter. Ehara, Fujimoto, Miyazaki,
Tanaka, and Yamamoto (1995) tested some of the most commonly used computer- 
assisted motion analysis systems. He defined error in a system as “the difference 
between distance measured by the three-dimensional camera systems and the reported 
distance” (p. 167). Ehara et al. reported that the mean absolute error in the systems tested 
ranged fi’om 0.9-mm to 6.3-mm. In 1997, Ehara et al. duplicated his previous study with 
some of the systems commonly used in gait labs and found that the mean absolute error 
ranged fi'om 0.53-mm to 11.61-mnL In comparing several computer-assisted motion 
analysis systems, Ehara et al. (1997) proposed that differences between the mean errors 
of each system may be due to the amount of marker noise generated by each system. The 
systems with the least amount of noise appeared to produce less error in the 
measurements.
Another source of systematic error can be attributed to the assumptions that some 
systems use to model the kinetics of gait. The internal and external forces of joint motion 
are estimated by making assumptions about the kinetic characteristics (i.e. mass, center of 
gravity location and moment intertia) of the lower extremity. These assumptions are 
summed up in two biomechanical models that are used to calculate the forces and 
moments at each joint in the lower extremity during walking. These are the link-segment 
model and the projection model (Wells, 1981). With the link segment model, internal or 
external moments are calculated separately for each limb sèment, taking into account 
the effects of gravity and inertia acting on the segment. The link-segment model is the 
most accurate, but requires more time for processing than the projection model. The
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projection model is simpler to implement, but it does introduce error in the measurement 
of moments and powers. For example, using the joint centers determined from a static 
standing trial, moments are calculated using a quasi-static or projection method. External 
joint moments are calculated by multiplying the position of the vector, the GRF vector at 
the center of pressure (COP) and the distance between the known joint center and the 
GRF vector. As the joint in question moves further from the GRF, the vector becomes 
larger resulting in a larger moment. For example, using this method, the moment at the 
neck for a 70 kg subject has been estimated to be 400 Nm (Wells, 1981). According to 
Wells, error using the projection method was negligible at the ankle but potentially higher 
at the knee and hip, especially during faster walking speeds. This method, in 
combination with error in the measurement of joint centers, ground reaction forces and 
center of pressure, introduces systematic error because it increasingly misrepresents the 
moment at each segment, progressing from the distal segment to the proximal segment 
(Winter, 1990).
Systematic and random error can be introduced by inconsistent marker placement. 
Reapplication of reflective markers by one tester, or by different testers, may result in 
variability of marker location. If the reflective markers are placed in different locations 
than during previous trials, variability in data will result. Despite every attempt to insure 
accuracy, there was some variability within days and between days. Kadaba et al. (1989), 
Growney et al. (1997) and Marks and Karkouti (1996) have found this to be the case.
The utilization of operational definitions designating a standard method to palpate and 
identify specific anatomical landmarks may be a step toward decreasing the intertester
2 0
and intratester variability in kinematic and kinetic data (Stewart, Jones, Postans, James, & 
Forward, 1997).
Kadaba et aL (1989) and Growney et al. (1997) suggested that misalignment of 
thigh and shank wands created 61se representation of the shank’s embedded coordinate 
system. The greatest errors in joint angle patterns were from reapplication of the sacral, 
thigh and shank wands. Kadaba et al. stated that “In order to eliminate the effect of the 
marker reapplication errors, the mean value of the joint angle motion for the day was 
removed from the waveform before computing between-day repeatabilities” (p. 858).
By removing the error contributing to variability in the data, the researchers were able to 
determine more repeatable kinematic and kinetic data.
Summary
The analysis o f random and systematic error is essential to insuring the validity 
and reliability of CGA. Research regarding the repeatability of kinematic and kinetic 
data will allow for identification and elimination of the sources of systematic and random 
error. Being cognizant of the possible sources of error, as discussed in previous research, 
can improve understanding of the resultant data and allow clinicians to be more confident 
in their interpretation of data generated by video-based motion analysis systems.
There are a limited number of studies concerning the intratester repeatability of 
kinematic and kinetic data using CGA There are also no studies that examined the 
repeatability of kinematic and kinetic data using CGA under an intertester condition. 
Therefore, this study examined the repeatability of the kinematic and kinetic data under 
both intratester and intertester conditions. The results of this study may prompt 
researchers at different clinical gait laboratories to evaluate the repeatability of the
2 1
Ifinematic and kinetic data with regard to the collection systems, matter placement 
protocol and use of multiple testers.
CHAPTERS
METHODOLOGY
This descriptive study examined the intertester, intratester and between day 
repeatability of kinematic and kinetic gait data of normal human subjects.
Subjects
This study was conducted at the Center for Human Kinetic Studies (CHKS) in 
Grand Rapids, Ml. The sample was a non-random convenience sample composed of 
volunteers from Grand Valley State University and the surrounding community. Fifteen 
subjects reflect an approximate mean of similar studies by Kadaba et al. (1989) and 
Growney et al.(1997). Due to limitations in the calibrated space, subject height was 
restricted to 80 cm or shorter. The study included both male and female subjects with 
normal gait, ranging in age from 18 to 40 years. Subjects included in the study had no 
major musculoskeletal or neurological pathologies that affected gait within the past year. 
Subjects completed a brief medical history form to verify the absence of any pathologies 
(^pendix A). This form also included questions about medications, medical tests, 
surgeries or illnesses that may indicate the presence of a condition that might affect gait. 
The presence of some or all of these factors, in addition to the results from the physical 
therapy screening examination, were used to determine the subject’s suitability for this 
study. Subjects participating in the first condition of this study signed a consent form 
explaining the risks, benefits, and procedures involved in this part of the study (Appendix 
B). The subject participating in the 9 day trials condition of this study signed a separate
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consent form explaining the risks, benefits, and procedures involved in this part of the 
study (Appendix C). To prevent no-shows, subjects were given a telephone call after the 
first test to remind them of their next sessiotL
Instrumentation
Three-dimensional kinematic data were collected using an Elite motion analysis 
system developed by BTS. This system consists of four BTS cameras located at each 
comer of a calibrated test space. The cameras collected 100 samples per second and were 
synchronized in time. A ring of infiared light emitting diodes that illuminate 
retroreflective markers placed on the subject surrounds each camera lens. The markers 
are wooden spheres covered with 3M Scotchlite Brand High Grain 7610 retroreflective 
tape^. Each marker’s location must be seen by at least two cameras to obtain a three- 
dimensioiud image of a madcer. The two-dimensional marker locations were processed 
and combined, using the direct linear transformation (DLT) process, to find their three- 
dimensional locations.
Ground reaction force (GRF) data were collected using two AMTf force plates 
mounted flush with the floor in the testing walkway. The strain gauge technology of the 
plates enables the measurement of forces and ground reaction moments in three- 
dimensions. Force data were collected at 500 Hz and synchronized with kinematic data. 
These plates were also used to signal the begirming and end of the gait cycle. To ensure 
that the subjects did not alter their gait pattern to step on the plates, the plates were
 ^3M Medical Devices, St. Paul, MN 
 ^AMTI Advanced Medical Technology Inc., Newton, MA
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Figure I. Layout of the gait laboratory
concealed under a remnant of carpet that covers the entire walkway. Figure 1 is provided 
to show how the cameras and forceplates were configured.
Tester-Subject Assignment 
An intratester and intertester reliability design was used in this investigation. 
Each subject was asked to attend two testing sessions. In the first test session, all three 
testers, trained in the marker placement protocol used at the CHKS laboratory, collected 
data on one subject on the same day. The subject returned approximately one week later 
for the second test session and one o f the original testers collected a second set of data. 
This design allowed for the analysis o f the repeatability of marker placement between 
testers within a day and between days within a tester. Before data collection began, a
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testing schedule was set up using a list of prospective subjects. A sample rotation is 
presented in Table 1 and was repeated five times to accommodate fifteen subjects.
Session 1 Session 2
Subject 1 Testers A, B&C Tester A
Subject 2 Testers A, B&C Tester B
Subject 3 Testers A, B&C Tester C
Part n  of this research study consisted of repeated^ testing one subject on nine 
different days with the same tester performing all of the marker application. This 
allowed the researchers to examine whether or not neuromuscular variability in normal 
human walking would significantly affect kinematic and kinetic data collected fi'om day 
to day. One subject volunteered to attend nine test sessions.
Clinical Examination 
Subjects were oriented to the laboratory at the time of arrival. Past and current 
medical history was collected using a questionnaire (Appendix A) to insure that each 
subject fulfilled the selection criteria. Following the orientation and history, a brief 
physical therapy screening examination was performed. The screen included 
measurements of pelvic height, width and depth. Using calipers, the examiner measured 
pelvic width fiom right to left ASIS and pelvic depth fiom right ASIS to right PSIS. To 
measure pelvic height, the pubic symphysis was located. The examiner performed this 
by carefully moving over the rectus abdominus with the heel of the hand caudally to the 
superior portion of the pubic symphysis. Once located, the examiner used calipers to 
measure the linear distance from the superior pubic tubercle to an imaginary line 
cormecting.the right and left ASIS. The examiner explained this process totHe subject
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prior to the screen. Weight, height, leg length and other lower extremity anthropometric 
data were also gathered for use in future studies (^pendix  D). An observational 
screening of posture was performed to determine the presence of any obvious 
asymmetries, and lower extremity strength and range of motion were assessed (Appendix 
E). Any obvious asymmetries that affected normal gait found during this screen excluded 
the subject from participation.
Test Preparations
For the walking trials, the tester affixed retroreflective maikers on the skin over 
the following anatomical landmarks according to specific operational definitions (See 
Appendix G): the right and left ASIS, the spinous process of the second sacral vertebra 
(S2), the lateral femoral condyle, the tibial tuberosity, anterior and posterior distal shank 
of the lower leg, the posteroinferior aspect of the calcaneus, the base o f the fifth 
metatarsal, and the base of the first metatarsal. A thigh wand was secured with two 
elastic bands laterally to the mid-thigh (see Figure 2).
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Figure 2. Positions of the retroreflective maikers
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The tester then used an eye liner pencil to apply dashed lines around the location 
of each retroreflective marker. This allowed the reflective marker to be reapplied in the 
same position if it fell off during testing. The right side was prepared and tested. 
Following the walking trials for the first tester, the markers were removed and the eye 
liner marks were removed using rubbing alcohol.
Testing Protocol
Prior to the subject’s arrival at the lab, the force and motion acquisition systems 
were calibrated. Cameras were placed at predetermined locations at four comers of the 
test volume. The predetermined locations were based on the subject’s height. 
Predetermined camera location coordinates were then entered into the system. By taking 
a picture of a rigid grid with known X, Y and Z marker coordinates in each of three 
different locations, the computer defined the height, width and depth of the calibrated 
space. The process of creating three-dimensional positions fi'om two-dimensional 
locations was accomplished by direct linear transformation (DLT), and is shown in 
Figure 3. This process utilized Elite system software, which mathematically triangulates 
the true positions of the markers with an accuracy of 3.2-mm (Ehara, Fujimoto,
Miyazaki, Tanaka, and Yamamoto, 1995).
Following the test preparation phase, each subject stood on the force plate and 
their weight was recorded in kilograms. A percentage of the subject’s weight in 
kilograms was entered into the computer and served to calibrate the force plate by setting 
the sensitivity of the plate to the subject’s body weight. Following a period of
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Figure 3. Graphical representation of the DLT process
familiarization with the test protocol and warm-up, each subject walked barefoot through 
the test space at a natural, self-selected pace. Data were acquired from a time slightly 
before initial contact on the first force plate to a time just after contact on the second 
force plate. Seven gait trials were collected for the right lower extremity. One trial was 
processed at the time of collection to ensure that data were good. A good trial was one in 
which the subject contacted each force plate with the entire foot and all of the markers 
were seen by at least two cameras throughout one complete gait cycle.
Following the walking trials for one side, the tester asked the subject to stand in 
the middle of the calibrated space for the collection of a standing file. The maiker on the 
posteroinferior calcaneus was moved to the medial condyle of the knee. The markers at 
the base of the first and fifth metatarsal were moved to the lateral and medial malleoli.
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The standing file was collected for one second as the subject remained stationary. 
Standing file data were immediately tracked and later used to daermine the joint centers 
at the knee and ankle.
After the first tester collected data from one side, maricers were removed and 
rubbing alcohol was used to remove the marks made by the eye liner pencil. The subject 
was instructed to wait IS minutes so that any redness due to the adhesive from the marker 
or from the rubbing alcohol disappeared. After 15 minutes el^sed, the second tester 
followed the same testing protocol as described for the first tester.
^proximately one week after the initial test session, the subject returned to 
CHKS. One of the testers from the previous session repeated the entire testing procedure 
on the subject.
Data Processing
The BTS system and customized software were used to calculate the three- 
dimensional joint angles (degrees), ground reaction fr>rces in percent txxly weight 
(%BW), applied joint torques (N«m/kg) and joint power (W/kg). Joint angle data were 
normalized to percent gait cycle. Ground reaction forces, applied joint moments and 
powers were normalized to stance time. Time series averages of all data were calculated 
from five trials for each tester and day.
Statistical Analvsis
Kinematic and kinetic data normalized to percent gait cycle were analyzed in all 
three planes and compared using a statistic known as the coefficient of multiple 
correlation (CMC). Kadaba et al. (1989) and Growney, et al. (1997) have previously
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employed this statistic for similar studies. The CMC or R describes the variance in 
waveform data that can be explained by the different test situations. 1-R describes 
variance that cannot be explained by the different test situations. The CMC is a ratio of 
variance statistic with “1” signifying a strong relationship and “0” signifying no 
relationship.
The equation for the intratester condition has the following form;
Intratester CMC =
I t= l
where D represents the day and T represents the number of time points. In this equation,
Y dt is the average of all trials within a day, Yc is the average of all trials and all days and
Y is the overall average of all days, trials and time points. See Appendix F for the 
specific mathematical equations of each of these variables.
If a tester’s marker placement results in average curves that are similar, the
numerator in equation 1 [i.e., the variance of the average of all trials on a given day (T* )
about the average of all trials on all days ( Yt)] will be much smaller than the
denominator [i.e. the variance of the average of all trials on a ÿven day ( ) about the
grand average of all days, trials and time points (K)]. In this situation, the CMC will 
approach 1. On the other hand, if the average curves for a tester are dissimilar, the 
numerator will be equal to the denominator. In this situation, the CMC will approach 0.
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The equation for the intertester condition has the following form:
Intertester CMC = I
Z  ZK-i'J/TCP-i)
Z  zPi.-J'f/CPT-i)
where P represents the tester and T represents the number of time points. In this equation
Y pt is the average of all trials for a tester, Yt is the average of all testers and all trials and
Y is the overall average across all testers, trials and time points.
The equation for the repeated trials condition was as follows;
Repeated trials CMC = 1
Z Z Z L .- ! '- ) '/ M T ( N - l )  
zzzK .-i^ '? /M (N T -i)
msl fsl
where M is the number of days, N is the number of trials and T is the number of time
points. In this equation Y mm represents the average of all trials on one day. Ym
represents the average of all trials and all days. Y t represents the grand average of all 
trials, days and time points. Equation 3 was used to examine the variability of data 
collected from one subject on nine different days.
To aid in understanding how the CMC equation is used to calculate the variability 
between a tester and within a tester, a graphical representation of representative data from 
one subject in one joint and plane is included in Figure 4. Refer also to equation 2 to see 
how the following discussion relates to the actual calculation of the intertester CMC. In
Figure 4, the dashed lines represent Y pt. The solid time series line represents Yt. The
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solid horizontal line represents Y . In reality, F i s a  single point, but it is represented in 
the figure as a line to signify that the average curve of each tester is subtracted fi’om the 
grand average at each point in the gait cycle.
From equation 2, notice that the numerator is the sum of squared differences 
between each tester’s data and the daily grand average. The denominator is the sum of 
squared differences of each tester’s data minus the grand average. In a situation where 
matter placement between testers is very different, the average curve of each tester will 
move fiirther firom the average curve o f all testers and the sum of these squared
-- Tester A
■ — Tester B
■ -  • Tester C
—  Average for all testers 
Grand average
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Figure 4. Graphical representation of CMC calculation using hip transverse 
plane data
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differences will become larger. As the numerator becomes larger the denominator also 
becomes larger. In this situation, the ratio between the numerator and denominator 
begins to approach a value of one and the resulting CMC will be closer to zero.
If the curves from each tester move closer to the average curve for all testers, as in 
the case where marker placement is similar, the numerator will become smaller. In this 
situation, the numerator becomes smaller than the denominator and will result in a value 
closer to zero. The resulting CMC in this situation will approach a value of one. Figure 
5 depicts the differences in the results of repeatable kinematic and kinetic data and less
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Figure 5. Graphical representation of a high and low CMC values
repeatable kinematic and kinetic data. Figure 5A has very similar data curves while 
Figure 5B has very different curves in both waveform shape and degree of separation.
In some instances there were small ranges of motion making the variance ratio 
negative. This was because the variation of each tester’s curve around the average curve 
of all testers became larger than the variation of each tester’s curve around the grand 
average. The resulting ratio became greater than one, which when subtracted from one.
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resulted in a negative value. For this study, it is not possible to interpret the square root 
of a negative number, so the absolute value was used to calculate the square root
In previous studies by Kadaba et al. (1989) and Growney, et al., (1997), a daily 
static offset was removed as an attempt to eliminate the potential error caused by repeated 
maricer placement. This was accomplished by calculating a daily average of all time 
points and subtracting this average from each point in the data curve. The equation in 
this case is represented as;
Intertester CMC - offset =
I
p=\ t=l
Z  ^((F^-ogfeo-Ff/CPT-i)
(4)
p=l r=I
Removal of a daily static offset from the average intratester and intertester CMC values 
significantly improved the repeatability of the resulting data. For example, in this study, 
the average intertester pelvic sagittal angle CMC value with the daily offset included was 
0.4415. When the daily offset was removed, the same sagittal pelvic angle CMC value 
became 0.9348.
The repeatability of the distance between medial and lateral femoral condyle 
markers and the distance between the right and left ASIS markers were analyzed using 
the coefficient of variation (CV). These distances were taken from the standing file and 
were compared between all three testers. A CV value that is near zero percent represents 
a small amount of variation in the distance between testers. The formula for the 
coefficient of variation (CV) is:
CV = =«100 (5)
X
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The distances between marker placement at the pelvis and knee in the standing 
file were used to determine the approximate locations of the hip and knee joint centers, 
respectively. At the hip, joint center was based on the measurements of pelvic height, 
width and depth. Pelvic width was measured using the positions of the right and left 
ASIS markers during each trial, while measures of pelvic height and depth were made 
during the physical examination. At the knee, the positions of the medial and lateral 
condyle madcers were used to determine knee joint center.
Joint torques are a fimction of the distance of the segment fi'om the axis center of 
rotation, so the position of these markers may affect the torque and power values for the 
hip and knee. This statistic identified differences in the distances measured at the pelvis 
and knee, and how these differences were related to changes in the CMC values for pelvis 
and knee kinematics and hip and knee kinetics.
CHAPTER 4 
RESULTS
Demographics
Sixteen subjects volunteered for this study, two males and 14 females. For Part II 
of the study, subject 15 volunteered for the 9-day trials. All subjects repotted being free 
of neuromuscular pathologies and demonstrated normal gait. Time between tests ranged 
from 2 to 28 days (M = 8.2, SD = 6.4). Subject characteristics for all sixteen subjects are 
included in Table 2.
Table 2. Demographics
Subject Age(yr) Height(cm) Weight (kg)
1 20 63.5 51.8
2 26 64.5 63.6
3 20 68.0 65.5
4 24 68.0 77.3
5 26 66.0 61.8
6 18 66.0 53.2
7 27 70.0 69.1
8 23 66.0 60.0
9 26 67.0 56.8
10 25 66.0 62.3
11 21 69.0 86.4
12 23 67.0 68.6
13 20 68.0 70.5
14 22 67.0 67.7
15* 24 65.0 61.4
16 32 66.0 53.2
M£SD) 23.6(3.6) 66.7(1.7) 64.3(9.4)
Note. M = Mean; SD = Standard Deviation 
^Subject 15 participated in the nine day trials condition of 
this study.
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Gait Parameters
For all subjects, the average velocity, stride length, and percentage of the gait 
cycle spent in stance was calculated. These parameters were found to be consistent 
within each subject and had low standard deviations. See Appendix I for details 
concerning subjects one to 14 and 16 on each day. See Table 3 for details about gait 
parameters for subject 15 on each of the nine days.
Table 3. Gah parameter data for part II __________________________
Velocity (m/s) Stride length (m)_______ % Toe off
Day 1 1.40 (0.02) 1.34 (0.11) 65.16 (0.71)
Day 2 1.39 (0.03) 1.38 (0.03) 65.14 (0.73)
Day 3 1.42 (0.02) 1.38 (0.00) 64.74 (0.34)
Day 4 1.34 (0.04) 1.32 (0.03) 65.06 (0.80)
Day 5 1.39 (0.04) 1.38 (0.02) 64.72 (0.68)
Day 6 1.37 (0.02) 1.33 (0.02) 65.48 (0.66)
Day 7 1.35 (0.01) 1.32 (0.02) 65.74 (0.59)
Day 8 1.29 (0.03) 1.28 (0.02) 65.76 (0.40)
Day 9 1.30 (0.03) 1.29 (0.02) 65.22 (0.44)
Note. Data are presented as mean (SD)
CMC Results
Removing the daily static offset from the average intratester and intertester CMC 
values in this study significantly improved the repeatability of the data. Other studies 
that investigated the repeatability of CGA removed the static daily offset to account for 
the variability produced by repeated marker application. Since this study investigated the 
effects of marker application on the repeatability of kinematic and kinetic data within and 
between testers, the CMC values with the daily static offsets included are presented in the 
results. The CMC values with the daily static offsets removed are provided in Appendix
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M solely as a comparison so that the effects of marker reapplication error can be 
examined.
Intertester CMC results 
Table 4 presents the mean and standard deviation of intertester CMC values for 
joint and angles in the sagittal, frontal and transverse planes. In the sagittal plane, CMC 
values were high at the hip, knee and ankle. The pelvis displayed the lowest CMC value 
in this plane. In the frontal and transverse planes, the CMC values for joint and pelvis 
angles were lower than those in the sagittal plane. The lowest value in the frontal plane 
was at the knee, and the lowest values in the transverse plane were at the knee and hip.
The mean and standard deviation of intertester CMC values for kinetic data at 
each joint are presented in Table 4. In general, CMC values for power were high at the 
hip, knee and ankle. The CMC values for torque data were also high at the hip, knee and 
ankle in all planes, with the lowest value at the ankle in the frontal plane.
Table 4. Intertester CMC values for kinematic and kinetic measures
Angle
Sagittal Frontal Transverse
Ankle 0.9044(0.0511) 0.8042 (0.1529) 0.8584 (0.0894)
Knee 0.9881 (0.0084) 0.5706 (0.2178) 0.5073 (0.2287)
Hip 0.9864 (0.0103) 0.9297 (0.0695) 0.4618 (0.1876)
Pelvis 0.4415 (0.2364) 0.8931 (0.1208) 0.8137 (0.2633)
Power Torque
Sagittal Sagittal Frontal Transverse
Ankle 0.9896 (0.0060) 0.9957(0.0030) 0.8700(0.1197) 0.9773 (0.0277)
Knee 0.9749 (0.0195) 0.9647 (0.0223) 0.9734 (0.0227) 0.9703 (0.0462)
Hip 0.9858 (0.0072) 0.9932 (0.0044) 0.9902 (0.0068) 0.9845 (0.0170)
Note. Data are presented as mean (SD)
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Intratester CMC results 
The mean and standard deviation of the average intratester CMC values for joint 
angles in the sagittal, frontal and transverse planes are presented in Table S. CMC values 
in the sagittal plane were high at the hip, knee and ankle. As in the average intertester 
angle data, the CMC values in the sagittal plane were lowest at the pelvis. The average 
intratester CMC joint angle values in the frontal and transverse plane were similar to the 
intertester CMC values in that values were high at all joints except the frontal and 
transverse planes of the knee and the transverse plane of the hip. Table 5 presents the 
mean and standard deviation of the average intratester CMC values for kinetic data.
CMC values for power were high at the hip, knee and ankle. The CMC values were also 
high for torque data at the hip, knee and ankle in all planes. As with the average 
intertester CMC results fr>r torque, the lowest value was at the ankle in the frontal plane.
Table 5. Average intratester CMC values for all testers
Angle
Sagittal Frontal Transverse
Ankle 0.9694(0.0176) 0.9234(0.0415) 0.9034 (0.0087)
Knee 0.9461 (0.0843) 0.7254 (0.2081) 0.7791 (0.0798)
Hip 0.9866 (0.0025) 0.9492 (0.0241) 0.6869 (0.1594)
Pelvis 0.7735 (0.0656) 0.9346 (0.0382) 0.8145 (0.0925)
Power Torque
Sagittal Sagittal Frontal Transverse
Ankle 0.9878 (0.0046) 0.9964 (0.0009) 0.8806 (0.0891) 0.9822 (0.0124)
Knee 0.9826 (0.0077) 0.9738 (0.0032) 0.9707 (0.0204) 0.9788 (0.0126)
Hip 0.9839 (0.0075) 0.9903 (0.0052) 0.9924 (0.0042) 0.9833 (0.0092)
Note. Data are presented as mean (SD)
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CMC results for part n  
In Part H of this research study, a single subject was tested on nine different days 
to investigate the repeatability o f normal human gait. This subject’s average CMC values 
for kinematic and kinetic data at the pelvis, hip, knee and ankle over nine days are 
presented in Table 6. The CMC values for joint and pelvis angles were high for all joints 
in all planes except for the pelvis in the sagittal plane. All of the CMC values for torque 
data at the hip, knee and ankle were high in all three planes. The CMC value for the 
power data at the ankle was high. However, the CMC values of power data were low at 
the hip or knee.
Table 6. CMC values for part H.
Angle Torque Power
Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
Ankle 0.9876 0.9620 0.9642 0.9960 0.9190 0.9607 0.9903
Knee 0.9947 0.9390 0.9523 0.9819 0.9684 0.9569 0.4975
Hip 0.9975 0.9911 0.9622 0.9905 0.9888 0.9614 0.4975
Pelvis 0.6049 0.9911 0.9136
The coefBcient of variation (CV) for calculated distances based on marker 
placement at the right and left ASIS and at the lateral and medial femoral condyles were 
also determined. The CV values determined in this study were low, thereby representing 
small variation between marker locations. CV values given in Table 7 for subjects 1-14 
and 16 represent variation in distance between testers.
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Knee Pelvis
Subject M SD CV (%) M 3D CV(%)
1 133.99 3.18 2.37 235.76 1.93 0.82
2 121.42 8.06 6.64 266.10 10.21 3.84
3 120.22 1.98 1.65 252.28 10.40 4.12
4 124.33 6.63 5.33 251.32 6.86 2.73
5 123.64 9.76 7.89 220.30 8.67 3.94
6 112.14 5.37 4.79 225.78 9.97 4.41
7 127.85 2.56 2.00 275.62 2.83 1.03
8 117.60 10.15 8.63 252.15 13.43 5.33
9 122.14 3.06 2.51 234.99 11.49 4.89
10 118.62 6.04 5.09 232.52 18.73 8.06
11 120.40 6.20 5.15 249.55 13.38 5.36
12 114.09 2.87 2.51 235.50 9.48 4.02
13 131.60 10.16 7.72 268.50 6.51 2.42
14 125.19 16.73 13.37 269.50 9.27 3.44
16 123.76 3.86 3.12 270.08 9.92 3.67
Mean CV (SD) 5.25 (3.11) 3.87(1.57)
Note. Knee distance was measured from medial femoral condyle to lateral femoral 
condyle and pelvic distance was measured from right ASIS to left ASIS.
*A11 values are in millimeters.
CHAPTERS
DISCUSSION
It was hypothesized that there would be a high degree o f repeatability of 
kinematic and kinetic data for the same tester between days, while the repeatability of 
data between testers would be lower. The results of this study showed that, in general, 
these hypotheses were true. Study results also suggest that normal human gait on 
different days was highly repeatable for kinematic and torque data, but not for power 
data.
Although CMC values are not equal to Pearson product-moment correlation 
coefficients, they will be considered equivalent for the purpose of this study to allow for 
discussion of their clinical significance. Therefore, according to Colton (1974), 
correlation coefficients o f0.0000-0.2500 are considered to have little or no relationship, 
values o f0.2500-0.5000 are considered to have a fair degree of relationship, values of 
0.5000-0.7500 are considered to be moderate to good, values o f0.7500-1.000 are 
considered to be good to strong. Fortney and Watkins (1993) suggest that correlation 
values o f0.7500 or greater are considered good to excellent, and that values of .9000 or 
greater can be considered clinically significant. In this study, resultant CMC values of 
0.000-0.4999 will be considered poor, values o f0.5000-0.7499 will be considered feir, 
values o f0.7500-0.8999 will be considered good and values o f0.9000 or greater will be 
considered excellent and clinically acceptable.
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Comparison of Resuhs to Pervious Studies 
As in the studies by Kadaba et al. (1989) and Growney et al. (1997), the temporal- 
spatial parameters in this study were found to be highly reproducible. The velocity and 
stride length for all the subjects were similar to values reported by Kadaba et al. (1989).
In the present study, stride length, velocity and percent stance had only slight variation 
between testers and between days. Although walking velocity was not controlled, 
intrasubject walking velocity was approximately the same between testers and between 
session. Therefore, temporal-spatial parameters were not major Actors affecting the 
repeatability of kinematic or kinetic data due to the consistency in walking velocity.
Overall, the average intratester CMC angle values and the standard deviations are 
comparable to between day CMC values found in the studies by Kadaba et al. (1989) and 
Growney et al. (1997). This study found that angles in the frontal and transverse planes 
were less reproducible than angles in the sagittal plane, which is consistent with research 
by Kadaba et al. and Growney et al. The intertester CMC values for angle data at all 
joints show, in general, good repeatability in all three planes, with patterns of lower 
reproducibility similar to the intratester results.
Factors Affecting Kinematic and Kinetic Data 
While repeatability was generally high, there was some degree o f variability in 
kinematic and kinetic data between testers and between days. There may be several 
reasons for the variability in angle data CMC values for both intratester and intertester 
conditions.
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Tester «cperience may have impacted marker placement accuracy. All testers in 
this study were considered novices and were therefore assumed to be at the same level of 
skill in the marker placement protocol for computerized gait analysis (CGA). However, 
previous experience with anatomical landmark palpation outside of this study and 
different levels of skill may have contributed to differences in average intratester CMC 
values. Also, greater variation in marker placement may have led to fluctuations in CMC 
values changes in statistical significance for the same tester at different joints.
Body structure o f the subjects also appeared to afiëct repeatability of joint angle 
data between testers and between days. Testers were able to place markers on the 
specified location more repeatably on subjects with prominent anatomical landmarks than 
on subjects with less defined landmarks. For example, the body mass index (EMI) 
(Weight (kg) /[Height (m)]^) for subject 9 was 19.6 kg/m .^ The BMI for subject 11 was 
27.0 kg/m .^ In the intertester kinematic data, subject 9’s CMC values showed generally 
good to scellent repeatability whereas subject 11’s CMC values fell below 0.7500 at 
least once at each joint. Therefore, the depth of muscle bulk and adipose tissue over the 
anatomical landmarics of a subject may have affected the tester’s ability to palpate 
landmarks and to place the markers in a repeatable manner.
The movement of skin over anatomical landmarks may also have affected the 
application of retroreflective markers (Cappozzo, 1991; Holden et al., 1997). Before 
applying the markers to the skin, each tester would palpate for a specific anatomical 
landmark. If the skin was held taut at the time of marker application, the marker would 
often move off of the palpated location as the skin moved back into its natural position.
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Also, as muscles contract during normal gait, muscle bulk may cause movement of the 
retroreflective markers over the anatomical landmarks (Cappozzo, 1991).
Small range of motion at the joints and pelvis is another variable which affects the 
CMC values. In this study, average CMC values for the pelvis in the sagittal plane were 
lower than the average CMC values in this plane at other joints. Kadaba et al. (1989) and 
Growney et al. (1997) suggested this might be due, in part, to the small range of pelvic 
movement in this plane. Thus, small variability in maricer placement may result in 
relatively large CMC values when only small movements occur. It is proposed that, 
because the subject is walking in the sagittal plane, neuromuscular control will be better 
in the sagittal plane. However, small neuromuscular adaptations throughout the gait 
cycle may be more greatly manifested at the pelvis in the frontal and transverse planes 
and, therefore, alter repeatability in those planes.
Growney and his colleagues (1997) described a “downstream effect” as another 
factor affecting the reproducibility of kinematic data. In gait analysis, markers are used 
to create embedded coordinate systems for each segment of a limb above and below a 
joint. The Euler angle calculations are used to calculate motion in a joint using these 
coordinate systems. The Euler angle calculations use the x-axis in one plane to calculate 
motion occurring in the other two planes. Small errors in the placement of the skin 
mounted markers over anatomical landmarks may cause a rotation of the whole 
coordinate system about the x-axis in the limb segment. Therefore, only a small amount 
of variability is seen in the first calculated plane. However, the small variability in the
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first plane is magnified when calculating angles in the second and third planes because of 
the misalignment of the coordinate systems.
The Actors, previously discussed, that affect variability in kinematic and kinetic 
data rely, in part, on consistent marker application. Therefore, Stewart et al. (1997) 
suggested that marker placement be operationally defined to decrease the variability in 
resultant data. The researchers suggested that operational definitions for marker 
placement might decrease the variability in kinematic and kinetic data between testers 
and between days (Stewart et al., 1997). In the present study, definitions were used to 
locate specific anatomical landmarks, which standardized the marker placement protocol 
among all three testers (See Appendix G). The use of these operational definitions may 
have increased the repeatability of kinematic and kinetic data between testers. However, 
previous studies have not established the effect of operationally defined marker locations 
on the repeatability of kinematic and kinetic data. Therefore, it is difficult to state 
whether intertester and intratester CMC values were increased as a result of these 
definitions. It seems likely that without the use of strict operational definitions, however, 
the CMC values in this study would have been lower.
The definitions used in this study may have also contributed to a higher 
repeatability of maricer placement at the ankle joint than at the knee joint and pelvis 
segment. The definitions describe the alignment of the three foot markers and three 
shank markers so that the markers form a plane that is representative of the natural 
mechanics of the foot. In following the definitions for marker placement, the testers had 
the opportunity to repeatedly check the placement of the foot segment markers in all
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planes. However, the pelvic maricer placement could only be defined in two planes and 
knee marker placement could only be easily defined in one plane. This was due to the 
difficulty of visualizing the other planes formed at the knee and pelvis. For example, the 
location of the lateral femoral condyle marker placement was only described in the 
sagittal plane, and there were no other descriptions on how it should be placed relative to 
the other markers on the pelvis and shank. If marker placement definitions for the knee 
and pelvis had been more precise, the CMC values for intertester and intratester 
conditions may have improved. Increased repeatability of marker application was 
demonstrated in this study by the overall high CMC values for joint angle, power and 
torque data in the sagittal plane.
Discussion of Coefficient of Variation Results 
In addition to the CMC, the coefficient of variation (CV) was used to measure the 
variation of the distance between the right and left ASIS markers and the medial and 
lateral femoral condyle markers. A change in distance between markers should reflect a 
change in the repeatability o f kinematic data. For example, if one o f the ASIS markers 
was placed one centimeter lower by a second tester or the same tester in a second session, 
a change in the pelvic obliquity angle would occur. A change in the distance between the 
right and left ASIS may also affect the determination of center of rotation at the hip, since 
HJC is located by calculations based on percentages of pelvic width, height and depth. A 
change in HJC will affect the CMC values for hip and knee angles, torques and powers 
because these values are dependent on the calculation of the HJC. The same argument
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can be made for the relationship between the center of rotation at the knee and the CMC 
values for angles, torques and powers at the knee.
The CV data in the present study showed that there was little variation in the 
distances between maricers at the knee (M = 5.25%, SD = 3.11) and pelvis ^  = 3.87%, 
SD = 1.57) under the intertester condition. The CMC values for torques and powers at 
the knee and pelvis were high, with values greater than .90 in all planes. However, the 
CMC data for kinematics were low at the pelvis in the sagittal plane (M = 0.4415, §D = 
0.2364) and at the knee in the frontal plane ^  = 0.5706, ®  = 0.2178) and transverse 
plane (M = 0.5073, SD = 0.2287). These data suggest that there is no apparent 
relationship between the CV data and the CMC values for kinematics.
Discussion of Part II Results 
The results for Part II of the present study revealed good to excellent CMC values 
for kinematic data at the hip, knee and ankle in all planes. These results were similar to 
Winter’s (1984) study which examined the variability of kinematic and kinetic patterns in 
gait. Winter’s study used a CV that was equal to the “root mean square of standard 
deviation of the moment over stride period 4- mean of absolute moment of force over 
stride period”. This CV was able to describe the variability in kinematic and kinetic gait 
patterns. Winter found CV values with small standard deviations, indicating repeatable 
kinematic patterns at the hip, knee and ankle in all planes.
For Part H, the CMC values for torques at all joints in all planes had excellent 
repeatability. However, the CMC values for power were excellent at the ankle, but were 
only 0.4975 for both the hip and knee. Winter (1984) compared the moment of force data
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from two walking trials of the same subject with similar kinematic patterns. He fr)und 
that in one trial the subject chose to use a pattern in which the rectus femoris appeared to 
be dominant. In the second trial, the subject used a different pattern of movement in 
which the hamstrings may have dominated. These different patterns caused variation in 
the moment of force data that was generated at the hip and knee. Winter found that 
muscle patterns and, therefrsre, kinetic data may vary between days without altering the 
kinematic data. Since subject IS generally had good to excellent repeatability of 
kinematic and torque data, the low level of repeatability of hip and knee power data was 
likely due to neuromuscular variability, and not to variation in maiker application. 
However, these motor control variations do not appear to be large enough to cause 
significant variations in the repeatability of kinematic and kinetic data or at least 
variations that can be detected by CMC statistical analysis.
Summary of Discussion 
Variability in kinematic data can best be explained by “downstream effects”, 
tester ability to reapply markers to specific anatomical landmarks, precision in palpation 
skills and the use of precise and standardized definitions for marker placement. It 
appears that neuromuscular variability in human gait has a significant effect on the 
repeatability of power data, but not kinematic and torque data, at least as determined by 
the CMC statistical analysis.
Clinical Implications 
Results fr'om CGA are one part of the clinical decision making process used to 
make recommendations for surgical and rehabilitation interventions for gait dysfunction.
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Kinematic and kinetic data from certain planes for a particular joint are used more often 
than others to determine the most ^propiiate surgical ^proach for treatment. In order to 
increase the confidence in surgical recommendations based on CGA data, it is important 
to determine whether or not the repeatability of kinematic and kinetic data between 
testers and between days is clinically acceptable in the planes used most for the 
recommendations o f surgical intervention.
Kinematic and kinetic data that are commonly used in the recommendation of 
various procedures for children with cerebral palsy are; pelvic angles in the sagittal and 
transverse planes, knee angles in the sagittal plane, knee torque in all planes, knee power 
in the sagittal plane, hip angles in the frontal plane, hip power in the sagittal plane, ankle 
angles in the sagittal and frontal plane, and ankle power in the sagittal plane (DeLuca, 
Gage, & Trost, 1994).
Different interventions may be chosen to treat gait dysfunction, depending on the 
joints involved and how kinematic and kinetic data deviate from normal. For example, 
decreased dorsifiexion in the stance phase and the presence of frwt drop in swing-phase 
are gait abnormalities that are observed in the sagittal plane. Physical therapy inventions 
for these dysfunctions may include stretching of the Achilles tendon and active 
strengthening of the anterior tibialis muscle (Sussman, 1992). The use of an ankle foot 
orthosis (AFO) may be recommended to maintain dorsifiexion while stretching the 
gastrocnemius tendon (Shurr & Cook, 1990). Surgical Achilles tendon lengthening may 
also be recommended.
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Sagittal plane gait deviations at the knee are also very common. For example, 
decreased knee flexion in pre-swing and swing-phase, as observed in the sagittal plane, 
can be due to a spastic rectus femoris muscle (DeLuca et al., 1994). Physical therapy 
may be recommended to stretch the rectus femoris and to strengthen the hamstring 
muscles. The recommended surgical procedure for this condition is a rectus femoris 
transfer (DeLuca et al., 1994). The examples illustrated dx)ve suggest that accurate and 
repeatable data at the ankle and knee are imperative in order to make recommendations 
for treatment interventions.
Patients who undergo CGA on different days may have the same tester apply the 
markers during the different sessions. It is therefore important to evaluate the clinical 
significance of intratester marker placement kinematic and kinetic repeatability. In 
clinical situations in which different testers are placing retroreflective maricers on a 
patient on different test days it is important to examine the repeatability of intertester 
kinematic and kinetic data in clinically important areas. Based on this study, intervention 
recommendations based on resultant data in the clinically important planes for the hip, 
knee, and ankle can be made with confidence because of the clinically acceptable level of 
kinematic and kinetic data repeatability found at these joints in both the intertester and 
intratester conditions.
Caution should be used when making recommendations for interventions based 
solely on angle data at the knee in the frontal and transverse planes, hip in the transverse 
plane, and pelvis in the sagittal plane due to the lack of clinical acceptability found in this 
study under both intertester and intratester conditions. Pelvic angle data in the transverse
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plane should also be carefully evaluated before making recommendation based solely on 
these data. Average intratester CMC data for the transverse plane pelvic angles were 
found to be clinically acceptable for two out of three testers, but average intertester CMC 
values did not reach a level o f clinical acceptability. However, clinicians do not 
generally make recommendations based solely on the above biomechanical results. 
Information gained during the clinical examination, videotape gait analysis and EMG 
data are used in conjunction with CGA in order to determine the most appropriate 
intervention for gait dysfunction.
Implications for Future Research 
While this study found a high degree of repeatability in the kinematic and kinetic 
data of normal subjects, it is possible that individuals with pathological gait may have 
lower repeatability. Further studies are needed to investigate the repeatability of 
kinematic and kinetic data for clients with variety of body types and pathological gait 
dysfunctions.
In this study, novice testers performed marker placement on all of the subjects. 
The results generally revealed that kinematic and kinetic data were repeatable in both 
intratester and intertester conditions. Further research is needed to determine the 
repeatability of kinematic and kinetic data when novice testers versus expert testers apply 
markers.
Limitations of Studv 
This study utilized a convenience sample of healthy, adult subjects with normal 
gait. These factors may affect the strength of the conclusions and may also hinder the
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extent to which the data can be generalized to larger populations. For example, the 
results of the study may not r^ e c t what would be seen in data from normal children, 
children or adults with pathologies, or in the elderly population. The previous level of 
experience with palpation of each tester may also have affected the results of this study.
Several other 6ctors that increase the variability of gait data have been mentioned 
previously, such as variability in neuromuscular control and skin movement under the 
reflective markers. However, these 6ctors cannot be completely controlled in any CGA 
system and may decrease the confidence in the resulting data.
Conclusion
The purpose of this study was to examine the repeatability of the retroreflective 
marker application between testers and sessions by assessing the repeatability of 
kinematic and kinetic data. The CMC values for intratester kinematic and kinetic data in 
the present study showed good to excellent repeatability. The intertester CMC values 
also showed good the excellent repeatability of kinematic and kinetic data, although 
intertester CMC values were slightly lower than intratester CMC values. The CMC 
values for both intratester and intertester kinematic data revealed a general pattern of low 
CMC values at the pelvis in the sagittal plane, the knee in the frontal and transverse 
planes and the hip in the transverse plane. The low CMC values illustrate low 
repeatability in these planes which may be explained by “downstream effects”, subject 
body structure and tester ecperience. However, the utilization of operational definitions 
for specific marker placement may help to increase the repeatability of kinematic and 
kinetic data between testers and between days.
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In Part H of this study, the CMC values showed excellent repeatability for 
kinematic and torque data at all joints in all planes over nine days within one person.
CMC values for power at the ankle also showed excellent repeatability. However, the 
knee and hip power data showed low reproducibility over nine different days. This 
demonstrates that narromuscular control may cause variability in power data between 
days.
The results of CGA data are combined with information from the clinical 
examination, videotape analysis and EMG data to make recommendations for surgical 
and conservative intervention. Based on the present study, clinicians can have 
confidence in decisions that incorporate the use of data fr’om joints and planes with a high 
degree of repeatability. Caution should be exercised when interpreting data fi-om joints 
and planes that have a low level of repeatability.
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APPENDIX A 
PREVIOUS MEDICAL HISTORY FORM
DATE:
PATIENT NAME: DOB AGE
MEDICAL HISTORY (find out about past medical history including childhood 
illnesses, injuries such as sprains/strains, etc., and other diseases such as diabetes, heart 
disease, etc.)
I)Are you taking any prescriptions or over-the-counter medications?
Yes No 
If yes, list:
2)Have you had any X-rays, monograms, computed tomography (CT) scans, bone scans, 
magnetic resonance imaging (MRI) done lately?
Yes No
If yes, when?, why?, where?, results?
3)Have you ever had any surgeries?
Yes No
If yes, list type and date.
4)Have you had any recent illnesses within the last 3 weeks (e.g. colds, influenza, 
infections, other)?
Yes No 
If yes, describe:
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APPENDIX B 
INFORMED CONSENT 
Mary Free Bed Hospital and Rehabilitation Center/Grand Valley State University
Center for Human Kinetic Studies
Repeatability of Kinematic and Kinetic Data in die Analysis of Normal Human Gait
The purpose of this research study is to examine the repeatability of kinematic 
and kinetic data of normal human gah from day-to-day and how the targeting protocol 
affects these results. The knowledge gained by this research will benefit the clinicians at 
the Center for Human Kinetic Studies by ensuring that the system produces consistent 
results.
I understand that:
• I will need to fill out a past medical history form and a physical ther^y examination 
screen will be performed by a master of physical therapy student. I understand that the 
past medical history form and results of the screen will be kept confidential and only used 
at the Center for Human Kinetic Studies. I understand that if I do not meet the specific 
criteria required for this study, I would not be able to participate.
• I will commit to being available for two separate gah analysis sessions 
scheduled ^ proximately one week rq>art. The first session will last about 3 to 4 
hours. The second session time will last approximately 1-1/2 hours.
• It will be necessary to wear appropriate clothing in order to clearly mqxxe the 
reflective makers wUch are placed on the skin. Men may wear shorts or a swim suh. 
Women may wear bikini or shorts and a qx)rts bra. I understand that I will be videotaped 
during the gah trials. The Center for Human Kinetic Studies will have custody of this 
data and h will only be used for the purpose of analysis.
• Participation in this research study is on a volunteer basis. One of the three 
investigators have explained that I am one of 15 volunteers in this sturfy^  and that 
I may withdraw fiom the study. I have also read and understand that I may 
withdraw fiom this study at any time without any consequence to me. I 
understand that any questions I have, pertaining to this study, will be answered 
and that I may feel free to ask questions duoughout the entire study.
• Part of the patient preparation process will be having targets with adhesive tape applied 
to my skin.
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• All tiie procedures involved are nai-invasive (nothing will penetrate die skin) 
and the risk associated with normal walking, such as tripping or 6Hing, are 
m inim al. I  understand that if a minor injury should happen to occur, immediate 
first aid will be provided to me, but continued medical intervention will continue 
under die direction of my primary physician in accordance with my own
I acknowledge that;
"I give my consent to use my information at the Center for Human 
Kinetics Studies for this stut^ and it will be kept confidential."
"I will be given no payment for participating in diis study."
"The investigators, Jennifor Plotter, Peter Post and Krisd Vanden Berg have my 
permission to review my past medical history and give a piqfsical therapy examination."
"I may request a summary of die studies results."
"I have been given the phone numbers of Jennifer Plotter (616-735-1710), Paul 
Huizinga, chairperson of GVSU Human Subjects Review Committee, (616-895-2472), 
Gordon Alderink, project advisor, at CHKS (616-954-2318) and Ellen Ballard, 
Chairperson of the Mary Free Bed Human Subjects Review Board (616-242-0300) so 
that I may contact any one of them at any time if I have questions.”
"I acknowledge that I have read and understand the above information, and that I 
agree to participate in this study.”
Participant's signature Date
Witness's signature Date
Yes, I want a copy of the studies results.
Investigators Statement 
I, the investigator, have offered an opportunity for further explanation o f this 
research.
Signature of Investigators Date
Witness Signature Date
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INFORMED CONSENT
Mary Free Bed Hospital and Rehabilitation Center/Grand Valley State University
Center for Human Kinetic Studies
RepeatabOity of Kinematic and Kinetic Data in the Analysis of Normal Human Gait
The purpose of this research study is to examine the repeatability of kinematic 
and kinetic data of normal human gait from day-to-day and how the targeting protocol 
affects these results. The knowledge gained by this research will benefit the clinicians at 
the Center for Human Kinetic Studies by ensuring that the system produces consistent 
results.
I understand that-
• I will need to fill out a past medical history form and a physical therapy examination 
screen will be performed by a master of physical therapy student. I understand that the 
past medical history form and results of the screen will be kept confidential and only used 
at the Center for Human Kinetic Studies. I understand that if I do not meet the specif c 
criteria required for fois study, I would not be able to participate.
• I will commit to being available for nine separate gait analysis sessions 
scheduled one day apart. Each session will last approximately 1-1/2 hours.
• It will be necessary to wear appropriate clothing in order to clearly expose foe 
reflective makers wfoch are placW on foe skin. Men may wear shorts or a swim suit 
Women may wear bikini or shorts and a sports bra. I understand that I will be videotaped 
during foe gait trials. The Center for Human Kinetic Studies will have custody of this 
data and it will only be used for foe purpose of analysis.
• Participation in this research study is on a volunteer basis. One of foe three 
investigators have explained that I am one of IS volunteers in this study and that 
I may withdraw fiom the study. I have also read and understand that I may 
withdraw fiom this study at any time without any consequence to me. I 
understand that aiqr questions I have, pertaining to this study, will be answered 
and that I may feel firee to ask questions throughout foe entire study.
• Part of the patient preparation process will be having targets with 
adhesive tape eq)plied to my skin.
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• All the procedures involved are nm-invasive (nothing will penetrate the skin) 
and the risk associated with normal walking, such as tripping or felling, are 
m inimal I understand if a minor injury should happen to occur, immediate
first aid will be provided to me, but continued medical intervention will continue 
under the direction of my primary physician in accordance with my own
I acknowledge that;
"I give my consent to use my information at the Center for Human 
Kinetics Studies for this study and it will be kept confidential."
"1 will be given no payment for participating in this study."
"The investigators, Jennifer Piotter, Peter Post and Kristi Vanden Berg have my 
permission to review my past medical history and give a physical therapy examination."
"I may request a summary of fee studies results."
"I have been given fee phone numbers of Jennifer Piotter (616-735-1710), Paul 
Huizinga, chairperson of GVSU Human Subjects Review Committee, (616-895-2472), 
Gordon Alderink, project advisor, at CHKS (616-954-2318) and Ellen Ballard, 
Chairperson of fee Mary Free Bed Human Subjects Review Board (616-242-0300) so 
that 1 may contact any <me of them at any time if I have questions."
"I acknowledge that I have read and understand fee above information, and that I 
agree to participate in this study."
Participant's signature Date
Witness's signature Date
Yes, I want a copy of the studies results.
Investigators Statement 
I, the investigator, have offered an opportunity for further explanation of this 
research.
Signature of Investigators Date
Witness Signature Date
APPENDKD 
ANTHROPOMETRIC EXAMINATION
Name:_____________Date:_______
Height (ins ):__________Weight (lbs ):__________
ANTHROPOMETRIC MEASUREMENT WORKSHEET 
Anthropometric measurement Value Units
Total body mass   kg
ASIS breadth   cm
Pelvic Height   cm
Pelvic Depth   cm
THIGH:
R. Thigh length   cm
L. Thigh length   cm
R_ Midthigh circumference   cm
L. Midthigh circumference   cm
CALF:
R. Calf length   cm
L. Calf length   cm
R. Calf circumference   cm
L. Calf circumference   cm
KNEE:
R. Knee diameter   cm
L. Knee diameter   cm
FOOT:
R. Foot length   cm
L. Foot length   cm
R. Malleolus height   cm
L. Malleolus height   cm
R. Malleolus width   cm
L. Malleolus width   cm
R. Foot breadth   cm
L. Foot breadth   cm
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Description of Anthropometric Parameters and How to Measure Them
Parameter 
Body Mass
Pelvic height
Pelvic depth
ASIS breadth 
Thigh length
Midthigh circumference
Calf length
Calf circumference 
Knee diameter 
Foot length 
Malleolus height
Description
Measure (on a scale accurate to 0.0 I kg) the mass of 
subject in shorts and shirt with shoes removed.
Locate the pubic symphysis by carefully moving over the 
rectus abdominus with the heel of the hand caudally to the 
superior portion of the pubic symphysis. Measure from the 
superior pubic symphysis to an imaginary line connecting 
the right and left ASIS using a tape measure.
With a beam caliper, measure the horizontal distance 
between the anterior superior iliac spine and the posterior 
iliac spine
With a beam caliper, measure the horizontal distance 
between the anterior superior iliac spines
With a sliding caliper, measure the vertical distance 
between the superior point of the grater trochanter of the 
femur and the superior margin of the lateral tibia
With a tape perpendicular to the long axis of the leg and at 
a level midway between the trochanteric and tibial 
landmarks, measure the circumference of the thigh
With a sliding caliper, measure the vertical distance 
between the superior margin of the lateral tibial and the 
lateral malleolus
With a tape perpendicular to the long axis of the lower leg, 
measure the maximum circumference of the calf
With a spreading caliper, measure the maximum breadth of 
the knee across the femoral epicondyles
With a beam caliper measure the distance from the 
posterior margin of the heel to the tip of the longest toe
With the subject standing, use a sliding caliper to measure 
the vertical distance from the standing surface to the lateral 
malleolus
6 6
Malleolus width With a sliding caliper, measure the maximum distance
between the medial and lateral malleoli
Foot breadth l^ th  a beam caliper, measure the breadth across the distal
ends o f metatarsals I and V
APPENDIX E 
PHYSICAL THERAPY SCREEN
Name:_
A ge:_ Height: _ins. Weight:
Standing Posture Description:
Date:
lbs.
Range of Motion:
Trunk: Hip:
Flexion WNL Flexion WNL
Extension WNL Extension WNL
RSB WNL Abduction WNL
LSB WNL Adduction WNL
RRot. WNL Inter. Rot. WNL
L Rot. WNL Exter. Rot WNL
Knee: Ankle:
Flexion WNL D. Flexion WNL
Extension WNL P. Flexion WNL
Inversion WNL
Eversion WNL
Gross Lower Extremity Strength:
Squat: WNL Comment:
Single leg toe raises: Left_____ Right_
67
APPENDIX F 
STATISTICAL EQUATIONS
The following equations were used to compute each of the variables presented in 
the statistical analysis section of Chapter 3.
  -I M y
Yt represents the running grand mean across all days and trials.
F=— y y y r
Y represents the overall mean across days, trials and time points.
Ymt represents the running grand mean across all trials within a day.
y  T
Ym represents the grand mean within a day.
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APPENDIX G
OPERATIONAL DEFINITIONS FOR MARKER PLACEMENT
Sacral- placed at the midpoint between the right and left posterior superior iliac spines.
Right and Left Anterior Superior Dine Spines- placed on the apex of the ASIS.
Thigh Wand- placed so the top of the wand is located at 50% of the thigh length from 
the greater trochanter to the lateral condyle.
Lateral Condyle- placed directly on the apex of the most prominent portion of the lateral 
condyle reflecting the axis about which the knee rotates.
Medial Condyle- placed on the most prominent portion of the medial condyle reflecting 
the axis of knee rotation.
Tibial Tuberosi^*- placed directly on the apex of the tibial tuberosity.
Distal Shank*- placed on the anterior crest at 70% of the calf length distance. Calf 
length is defined by measuring the distance between the lateral superior plateau of the 
tibia and the lateral malleous.
Posterior Shank*- placed directly posterior to the distal shank under the gastrocnemius 
belly in the horizontal plane with the distal shank.
Calcaneous- placed on the midpoint of the calcaneous just below the insertion of the 
Achilles tendon and placed in the same horizontal plane as the lateral foot marker.
Lateral Foot- placed posterior to the base of the s"* metatarsal and in the same horizontal 
plane as the calcaneous marker.
Medial Foot- placed so that it is in the same horizontal plane as the calcaneous and 
lateral foot markers. It also must be placed so that the intersection of the medial and 
lateral foot markers forms a line from the calcaneous and follow the 2*^  metatarsal 
reflecting foot progression.
Lateral/Medial Malleoli- placed 3 mm anteriorly and inferiorly to the apex of the 
malleous.
*Note: Tibial torsion should be reflected by the placement of the tibial tuberosity, distal 
shank, and posterior shank markers.
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APPENDIX H
HUMAN RESEARCH REVIEW COMMITTEE ATTACHMENT 1
This study fells under the expedited review category on the basis of the following 
criteria. All subjects will be greater than 18 years of age or older. The procedures of 
placing skin mounted reflective markers and EMG surfece electrodes are non-invasive 
procedures. This research study will need to collect the weight of the individual and 
obtain pelvic dimensions to aid in the calculation of kinematic and kinetic data.
Risks and benefits
The risks of participation in this study are minimal. These risks are no more 
probable than if the subject were walking in his or her daily life. Possible risks are 
tripping or falling. There will be someone in the lab who can administer basic first aid in 
the event of such an occurrence. There are no direct benefits to the individual who 
volunteers for this project other than the reassurance that their gait is normal. The 
indirect benefit is the knowledge that their participation has provided the clinicians at 
Center for Human Kinetic Studies with evidence about the reliability of their gait 
assessment equipment.
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APPENDIX I
GATT PARAMETERS
Table I 1. Gait parameter data for subjects 1-14, 16
M
Velocity
(m/s)
SD M
Stride
Length(m)
SD M 
Toe off 
%
SD
Subject 1 Tester A 1.57 0.06 1.37 0.02 64.84 0.30
Tester B 1.58 0.04 1.36 0.02 65.08 0.46
Tester C 1.58 0.01 1.37 0.02 64.90 0.91
Day 21 Tester A 1.67 0.03 1.40 0.03 64.86 0.52
All trials and days 1.60 0.02 1.38 0.00 64.92 0.26
Subject 2 Tester A 1.34 0.07 1.27 0.03 65.00 1.01
Tester B 1.41 0.04 1.29 0.03 65.50 0.60
Tester C 1.39 0.05 1.28 0.02 65.16 0.24
Day 21 Tester B 1.42 0.07 1.28 0.03 64.36 1.06
All trials and days 1.39 0.01 1.28 0.00 65.01 0.38
Subject 3 Tester A 1.26 0.03 1.35 0.02 62.80 1.44
Tester B 1.25 0.03 1.38 0.03 62.72 0.46
Tester C 1.24 0.06 1.42 0.05 63.54 0.53
Day 21 Tester C 1.20 0.02 1.40 0.02 63.14 0.65
All trials and days 1.24 0.02 1.39 0.02 63.05 0.45
Subject 4 Tester A 1.12 0.03 1.30 0.03 66.98 0.84
Tester B 1.10 0.04 1.30 0.04 66.54 1.03
Tester C 1.09 0.04 1.32 0.04 66.74 0.46
Day 2/ Tester A 1.29 0.04 1.43 0.04 66.22 0.54
All trials and days 1.15 0.00 1.34 0.00 66.62 0.27
Subject 5 Tester A 1.35 0.05 1.36 0.03 64.24 0.65
Tester B 1.46 0.03 1.45 0.03 63.88 0.36
Tester C 1.47 0.04 1.43 0.03 64.38 0.52
Day 2/ Tester B 1.45 0.04 1.44 0.02 64.06 0.67
All trials and days 1.43 0.01 1.42 0.01 64.14 0.14
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M
Velocity
(m/s)
SD M
Stride
Length(m)
SD M
Toeofif
%
SD
Subject 6 Tester A 1.17 0.03 1.25 0.03 63.58 1.49
Tester B 1.14 0.03 1.25 0.02 63.16 0.63
Tester C 1.16 0.02 1.28 0.02 62.68 0.77
Day 2/ Tester C 1.17 0.03 1.27 0.02 63.16 0.52
All trials and days 1.16 0.00 1.26 0.01 63.15 0.44
Subject 7 Tester A 1.29 0.02 1.32 0.02 65.78 0.44
Tester B 1.26 0.03 1.32 0.02 65.74 0.66
Tester C 1.25 0.04 1.32 0.02 65.44 0.65
Day 2/ Tester A 1.22 0.05 1.31 0.03 65.50 0.60
All trials and days 1.26 0.01 1.32 0.01 65.62 0.10
Subject 8 Tester A 1.17 0.06 1.24 0.02 63.98 0.72
Tester B 1.14 0.03 1.25 0.02 64.14 0.38
Tester C 1.17 0.03 1.27 0.01 63.88 0.43
Day 2/ Tester B 1.24 0.02 1.29 0.01 64.50 0.66
All trials and days 1.18 0.02 1.26 0.01 64.13 0.17
Subject 9 Tester A 1.34 0.09 1.34 0.06 64.52 0.88
Tester B 1.42 0.05 1.41 0.02 64.00 0.75
Tester C 1.46 0.03 1.42 0.02 63.58 0.77
Day 2/ Tester C 1.39 0.01 1.41 0.01 63.16 0.64
All trials and days 1.40 0.03 1.39 0.02 63.82 0.10
Subject 10 Tester A 1.17 0.04 1.32 0.03 64.90 0.43
Tester B 1.20 0.04 1.34 0.02 65.36 0.57
Tester C 1.21 0.06 1.33 0.04 65.14 0.29
Day 2/ Tester A 1.26 0.02 1.40 0.02 64.82 0.64
All trials and days 1.21 0.02 1.35 0.01 65.06 0.15
Subject 11 Tester A 1.32 0.02 1.40 0.02 66.18 0.96
Tester B 1.23 0.04 1.34 0.03 66.28 0.73
Tester C 1.19 0.04 1.30 0.03 66.44 0.64
Day 21 Tester B 1.30 0.04 1.38 0.02 65.38 0.76
All trials and days 1.26 0.01 1.36 0.01 66.07 0.14
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M
Velocity
(m/s)
SD M
Stride
Length(m)
SD M
Toeofif
%
SD
Subject 12 Tester A 1.16 0.02 1.24 0.02 66.24 0.17
Tester B 1.11 0.02 1.20 0.01 66.54 0.59
Tester C 1.10 0.04 1.21 0.02 66.36 0.47
Day 2/Tester C 1.13 0.01 1.22 0.03 66.24 0.83
All trials and days 1.12 0.01 1.22 0.01 66.35 0.28
Subject 13 Tester A 1.06 0.05 1.37 0.02 64.12 0.70
Tester B 1.05 0.05 1.31 0.10 64.92 0.81
Tester C 1.08 0.03 1.39 0.03 64.78 0.71
Day 2/ Tester A 1.13 0.07 1.41 0.04 65.04 1.04
All trials and days 1.08 0.01 1.37 0.04 64.72 0.16
Subject 14 Tester A 1.30 0.03 1.35 0.01 64.04 0.36
Tester B 1.28 0.04 1.34 0.02 64.30 0.22
Tester C 1.27 0.03 1.31 0.02 65.14 0.85
Day 2/ Tester B 1.31 0.04 1.34 0.02 64.18 0.38
All trials and days 1.29 0.00 1.33 0.00 64.42 0.27
Subject 16 Tester A 1.32 0.05 1.33 0.03 65.06 0.43
Tester B 1.34 0.03 1.34 0.02 64.46 0.77
Tester C 1.33 0.02 1.35 0.01 64.12 0.75
Day 2/ Tester C 1.31 0.03 1.31 0.03 63.92 0.49
All trials and days 1.33 0.01 1.33 0.01 64.39 0.17
Note. M=average: SD=standard deviation
APPPENDKJ
INDIVIDUAL INTERTESTER CMC VALUES WITH OFFSETS INCLUDED 
Table J 1. Mp intertester CMC values
Note. M=average; SD=standard deviation
Subject Sagittal
Angle
Frontal Trans Sagittal
Torque
Frontal Trans
Power
Sagittal
1 0.9959 0.9488 0.4502 0.9975 0.9945 0.9271 0.9943
2 0.9809 0.8709 0.4673 0.9904 0.9784 0.9917 0.9850
3 0.9940 0.9544 0.4869 0.9860 0.9763 0.9891 0.9775
4 0.9975 0.9414 0.4117 0.9974 0.9924 0.9973 0.9945
5 0.9722 0.9932 0.4021 0.9948 0.9962 0.9805 0.9683
6 0.9670 0.9559 0.2003 0.9956 0.9921 0.9783 0.9938
7 0.9848 0.9892 0.5643 0.9953 0.9929 0.9934 0.9928
8 0.9993 0.9501 0.4158 0.9825 0.9770 0.9923 0.9804
9 0.9995 0.9970 0.9161 0.9931 0.9915 0.9822 0.9904
10 0.9830 0.7149 0.2694 0.9978 0.9921 0.9940 0.9875
11 0.9869 0.9503 0.5144 0.9931 0.9925 0.9837 0.9842
12 0.9775 0.9197 0.5820 0.9961 0.9949 0.9946 0.9864
13 0.9891 0.9275 0.5707 0.9898 0.9927 0.9800 0.9800
14 0.9754 0.9533 0.1126 0.9947 0.9949 0.9782 0.9845
16 0.9935 0.8794 0.5626 0.9945 0.9939 0.9928 0.9874
M 0.9859 0.9333 0.4546 0.9932 0.9899 0.9830 0.9857
SD 0.0103 0.0695 0.1876 0.0044 0.0068 0.0170 0.0072
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Table J 2. Knee intertester CMC values
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9928 0.3546 0.2641 0.9877 0.9633 0.8606 0.9880
2 0.9773 0.6847 0.9083 0.9524 0.9907 0.9849 0.9827
3 0.9950 0.8690 0.8911 0.9753 0.9759 0.9752 0.9885
4 0.9973 0.5590 0.2026 0.9900 0.9821 0.9974 0.9963
5 0.9753 0.4609 0.2216 0.9466 0.9848 0.8556 0.9436
6 0.9900 0.5930 0.2969 0.9551 0.9865 0.9878 0.9912
7 0.9941 0.3997 0.4944 0.9648 0.9860 0.9927 0.9897
8 0.9867 0.4350 0.4309 0.9733 0.9604 0.9915 0.9797
9 0.9984 0.7873 0.6134 0.9411 0.9929 0.9816 0.9849
10 0.9767 0.7578 0.7080 0.9764 0.9878 0.9976 0.9428
11 0.9859 0.7909 0.7171 0.9838 0.9733 0.9972 0.9691
12 0.9970 0.0372 0.5818 0.9824 0.9498 0.9898 0.9884
13 0.9865 0.4790 0.5090 0.9851 0.9038 0.9714 0.9566
14 0.9754 0.6060 0.4558 0.9110 0.9815 0.9793 0.9399
16 0.9932 0.7447 0.3148 0.9451 0.9821 0.9914 0.9816
M 0.9877 0.5582 0.5211 0.9661 0.9728 0.9688 0.9744
SD 0.0084 0.2178 0.2288 0.0223 0.0227 0.0462 0.0195
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Table J 3 Ankle intertester CMC values
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9594 0.9237 0.9862 0.9925 0.8430 0.9071 0.9933
2 0.9174 0.5472 0.8766 0.9945 0.9351 0.9895 0.9873
3 0.9610 0.9498 0.9149 0.9984 0.9728 0.9790 0.9925
4 0.9219 0.9691 0.7854 0.9988 0.9761 0.9971 0.9921
5 0.7941 0.5548 0.8107 0.9904 0.5779 0.9172 0.9831
6 0.9312 0.9576 0.9292 0.9966 0.8733 0.9877 0.9911
7 0.9159 0.6445 0.9232 0.9954 0.9533 0.9910 0.9981
8 0.8659 0.8443 0.9405 0.9913 0.8709 0.9925 0.9955
9 0.9897 0.9726 0.9849 0.9963 0.8326 0.9793 0.9864
10 0.8646 0.9334 0.8095 0.9982 0.9806 0.9986 0.9906
11 0.8974 0.6866 0.7425 0.9985 0.8564 0.9958 0.9928
12 0.9007 0.8825 0.6942 0.9977 0.9300 0.9865 0.9964
13 0.8362 0.7427 0.7660 0.9955 0.8957 0.9719 0.9812
14 0.8748 0.7785 0.8808 0.9990 0.9274 0.9736 0.9870
16 0.9351 0.6759 0.8308 0.9917 0.6248 0.9922 0.9760
M 0.9022 0.8134 0.8603 0.9959 0.8875 0.9762 0.9905
SD 0.0511 0.1529 0.0894 0.0030 0.1197 0.0277 0.0061
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Subject
Angles
Sagittal Frontal Transverse
1 0.6537 0.9801 0.9906
2 0.3252 0.8711 0.8973
3 0.4624 0.9721 0.4029
4 0.7262 0.9342 0.9548
5 0.5452 0.9875 0.9936
6 0.1643 0.9605 0.9431
7 0.2847 0.9653 0.9869
8 0.3035 0.9061 0.8480
9 0.9218 0.9953 0.9966
10 0.2215 0.7489 0.9823
11 0.2283 0.9189 0.9773
12 0.5196 0.5602 0.4070
13 0.6390 0.7447 0.2208
14 0.5471 0.9613 0.6330
16 0.0799 0.8904 0.9719
M 0.4673 0.8933 0.8024
SD 0.2365 0.1208 0.2633
APPENDIX K
INDIVIDUAL INTERTESTER AND INTRATESTER CMC VALUES WITH
OFFSETS REMOVED
Table K 1. Hip intertester CMC values
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9994 0.9962 0.9187 0.9984 0.9969 0.9291 0.9947
2 0.9986 0.9876 0.9529 0.9942 0.9911 0.9954 0.9858
3 0.9968 0.9931 0.9182 0.9880 0.9922 0.9919 0.9822
4 0.9995 0.9923 0.9174 0.9983 0.9980 0.9984 0.9953
5 0.9990 0.9972 0.8210 0.9964 0.9968 0.9810 0.9687
6 0.9997 0.9802 0.9071 0.9972 0.9960 0.9831 0.9941
7 0.9996 0.9984 0.7530 0.9966 0.9981 0.9935 0.9937
8 0.9996 0.9955 0.6466 0.9865 0.9907 0.9937 0.9810
9 0.9995 0.9970 0.9161 0.9954 0.9969 0.9837 0.9922
10 0.9993 0.9966 0.8234 0.9978 0.9921 0.9940 0.9876
11 0.9993 0.9799 0.9594 0.9920 0.9937 0.9954 0.9893
12 0.9990 0.9538 0.8112 0.9973 0.9979 0.9952 0.9876
13 0.9993 0.9977 0.7043 0.9898 0.9927 0.9800 0.9892
14 0.9993 0.9959 0.8714 0.9961 0.9969 0.9794 0.9848
16 0.9991 0.9949 0.9464 0.9962 0.9975 0.9956 0.9901
M 0.9991 0.9901 0.8515 0.9946 0.9950 0.9853 0.9876
SD 0.0007 0.0117 0.0956 0.0038 0.0027 0.0171 0.0069
Note. M=average: SD=standard deviation
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Table K 2. Knee intertester CMC values
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9986 0.5746 0.8110 0.9938 0.9700 0.8654 0.9891
2 0.9978 0.9364 0.9651 0.9841 0.9919 0.9927 0.9848
3 0.9965 0.9412 0.9749 0.9880 0.9805 0.9822 0.9891
4 0.9992 0.4701 0.7284 0.9945 0.9894 0.9979 0.9964
5 0.9970 0.6424 0.9192 0.9827 0.9883 0.9166 0.9507
6 0.9990 0.8692 0.9343 0.9872 0.9926 0.9880 0.9921
7 0.9993 0.2092 0.8771 0.9800 0.9922 0.9934 0.9919
8 0.9994 0.8474 0.9780 0.9867 0.9887 0.9932 0.9852
9 0.9984 0.7873 0.6134 0.9797 0.9950 0.9826 0.9873
10 0.9986 0.8276 0.9459 0.9764 0.9878 0.9976 0.9479
11 0.9991 0.9559 0.9662 0.9838 0.9733 0.9972 0.9702
12 0.9984 0.7395 0.8587 0.9936 0.9725 0.9910 0.9911
13 0.9983 0.2112 0.8663 0.9851 0.9038 0.9714 0.9650
14 0.9992 0.4153 0.9620 0.9809 0.9857 0.9814 0.9497
16 0.9972 0.8553 0.9335 0.9859 0.9877 0.9922 0.9839
M 0.9985 0.6734 0.8858 0.9855 0.9794 0.9750 0.9779
SD 0.0009 0.2548 0.1035 0.0054 0.0225 0.0366 0.0170
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Table K 3. Ankle intertester CMC values
Subject Sagittal
Angle
Frontal Trans Sagittal
Torque
Frontal Trans
Power
Sagittal
1 0.9845 0.9809 0.9865 0.9977 0.9132 0.9092 0.9936
2 0.9853 0.9658 0.9855 0.9980 0.9560 0.9939 0.9886
3 0.9936 0.9886 0.9786 0.9992 0.9850 0.9872 0.9930
4 0.9926 0.9929 0.9939 0.9990 0.9766 0.9986 0.9923
5 0.9902 0.9465 0.9850 0.9954 0.6845 0.9594 0.9840
6 0.9911 0.9702 0.9792 0.9989 0.9669 0.9920 0.9918
7 0.9970 0.9757 0.9717 0.9982 0.8874 0.9928 0.9981
8 0.9965 0.9685 0.9852 0.9979 0.9229 0.9888 0.9957
9 0.9897 0.9726 0.9849 0.9986 0.8774 0.9811 0.9881
10 0.9926 0.9866 0.9881 0.9982 0.9806 0.9986 0.9910
11 0.9834 0.9728 0.9648 0.9985 0.8564 0.9958 0.9934
12 0.9888 0.9777 0.8910 0.9994 0.9430 0.9914 0.9964
13 0.9970 0.9604 0.9466 0.9955 0.8957 0.9719 0.9815
14 0.9939 0.9775 0.9885 0.9996 0.9491 0.9757 0.9881
16 0.9882 0.9667 0.9882 0.9979 0.7469 0.9923 0.9801
M 0.9912 0.9741 0.9735 0.9982 0.9139 0.9812 0.9911
SD 0.0044 0.0117 0.0260 0.0012 0.0864 0.0229 0.0053
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Table K 4. Pelvis intertester CMC values
Angles
Subject Sagittal Frontal Transverse
1 0.9795 0.9977 0.9940
2 0.9536 0.9900 0.9721
3 0.9613 0.9927 0.2621
4 0.9538 0.9943 0.9841
5 0.9351 0.9981 0.9937
6 0.9445 0.9953 0.9668
7 0.9496 0.9979 0.9874
8 0.9343 0.9961 0.9770
9 0.9218 0.9953 0.9966
10 0.9470 0.9944 0.9946
11 0.9313 0.9380 0.9847
12 0.9365 0.7330 0.5471
13 0.8544 0.9841 0.9052
14 0.9157 0.9957 0.8248
16 0.8933 0.9925 0.9955
M 0.9370 0.9716 0.8850
SD 0.0300 0.0680 0.2102
Table K 5. Pelvis intratester CMC values for tester A
Angle
Subject Sagittal Frontal Transverse
1 0.9807 0.9974 0.9903
4 0.9802 0.9793 0.9780
7 0.9453 0.9987 0.9760
10 0.9659 0.9838 0.9761
13 0.9699 0.9880 0.8635
M 0.9684 0.9894 0.9568
SD 0.0144 0.0085 0.0525
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Table K 6. Hip intratester CMC values for tester A
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9992 0.9965 0.9846 0.9987 0.9907 0.9931 0.9920
4 0.9964 0.9918 0.9131 0.9951 0.9867 0.9963 0.9824
7 0.9999 0.9982 0.9269 0.9967 0.9989 0.9867 0.9973
10 0.9987 0.9946 0.8405 0.9971 0.9939 0.9630 0.9892
13 0.9976 0.996 0.2326 0.9810 0.9896 0.9575 0.9763
M 0.9984 0.9954 0.7795 0.9937 0.9920 0.9793 0.9874
SD 0.0014 0.0024 0.3100 0.0072 0.0047 0.0179 0.0082
Table K 7. Knee intratester CMC values for teaer A
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9994 0.9083 0.9489 0.9992 0.9846 0.9852 0.9977
4 0.9988 0.8114 0.7892 0.9742 0.9858 0.9971 0.9817
7 0.9997 0.8330 0.8677 0.9791 0.9963 0.9916 0.9837
10 0.9990 0.7648 0.8942 0.9897 0.9827 0.9653 0.9722
13 0.9964 0.6738 0.7812 0.9796 0.9035 0.9536 0.9499
M 0.9987 0.7983 0.8562 0.9844 0.9706 0.9786 0.9770
SD 0.0013 0.0867 0.0712 0.0100 0.0379 0.0184 0.0177
Table K 8. Ankle intratester CMC values for tester A
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9938 0.9885 0.9803 0.9938 0.9885 0.9803 0.9964
4 0.9836 0.9734 0.9892 0.9836 0.9734 0.9892 0.9890
7 0.9923 0.9661 0.9872 0.9923 0.9661 0.9872 0.9825
10 0.9963 0.9797 0.9571 0.9963 0.9797 0.9571 0.9854
13 0.9906 0.9890 0.9534 0.9906 0.9890 0.9534 0.9760
M 0.9913 0.9793 0.9734 0.9913 0.9793 0.9734 0.9859
SD 0.0048 0.0098 0.0170 0.0048 0.0098 0.0170 0.0076
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Table K 9.Pelvis intratester CMC values for tester B
Angle
Subject Sagittal Frontal Transverse
2 0.7741 0.9928 0.9565
5 0.9393 0.9966 0.9975
8 0.8687 0.9776 0.8526
II 0.9630 0.9618 0.9557
14 0.9189 0.9930 0.5739
M 0.8928 0.9844 0.8672
SD 0.0749 0.0146 0.1725
Table K 10. Hip intratester CMC values for tester B
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9990 0.9849 0.8780 0.9863 0.9947 0.9667 0.9811
5 0.9994 0.9944 0.8485 0.9922 0.9949 0.9906 0.9756
8 0.9980 0.9817 0.4099 0.9905 0.9874 0.9853 0.9616
11 0.9979 0.9680 0.9755 0.9914 0.9973 0.9995 0.9811
14 0.9997 0.9940 0.8392 0.9987 0.9972 0.9911 0.9854
M 0.9988 0.9846 0.7902 0.9918 0.9963 0.9866 0.9790
SD 0.0008 0.0108 0.2194 0.0045 0.0014 0.0123 0.0122
Table K 11. Knee intratester CMC values for tester B
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9969 0.6679 0.9697 0.9855 0.9788 0.9574 0.9870
5 0.9979 0.8055 0.9260 0.9831 0.9859 0.9736 0.9569
8 0.9961 0.5176 0.8931 0.9914 0.9901 0.9779 0.9969
11 0.9974 0.9273 0.9267 0.9894 0.9921 0.9994 0.9846
14 0.9981 0.6727 0.8800 0.9882 0.9840 0.9792 0.9884
M 0.9973 0.7182 0.9131 0.9875 0.9862 0.9775 0.9828
SD 0.0008 0.1551 0.0423 0.0033 0.0052 0.0105 0.0152
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Table K 12. Ankle intratesto’ CMC values for tester B
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9939 0.9600 0.9890 0.9966 0.8457 0.9530 0.9696
5 0.9947 0.8880 0.9753 0.9983 0.2023 0.9817 0.9924
8 0.9907 0.9828 0.9847 0.9978 0.9155 0.9808 0.9881
11 0.9766 0.9821 0.9922 0.9986 0.9856 0.9993 0.9952
14 0.9937 0.9593 0.9919 0.9995 0.9687 0.9819 0.9894
M 0.9899 0.9544 0.9866 0.9982 0.7836 0.9793 0.9869
SD 0.0076 0.0389 0.0070 0.0011 0.3295 0.0166 0.0101
Table K 13. Pelvis intratester CMC values for tester C
Angle
Subject Sagittal Frontal Transverse
3 0.9893 0.9969 0.7825
6 0.9728 0.9941 0.9784
9 0.9013 0.9946 0.9899
12 0.9276 0.9707 0.5564
16 0.3598 0.9971 0.9936
M 0.8302 0.9907 0.8602
SD 0.2653 0.0112 0.1917
Table K 14. Hip intratester CMC values for tester C
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
3 0.9996 0.9910 0.9670 0.9980 0.9966 0.9923 0.9953
6 0.9998 0.9977 0.9155 0.9966 0.9968 0.9978 0.9962
9 0.9986 0.9936 0.8712 0.9965 0.9969 0.9968 0.9870
12 0.9994 0.9883 0.9650 0.9983 0.9990 0.9935 0.9933
16 0.9988 0.9977 0.9685 0.9895 0.9955 0.9934 0.9844
M 0.9992 0.9937 0.9374 0.9958 0.9970 0.9948 0.9912
SD 0.0005 0.0041 0.0432 0.0036 0.0013 0.0024 0.0052
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Table K 15. Knee intratester CMC values fbr tester C
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
3 0.9987 0.3552 0.9772 0.9818 0.9781 0.9874 0.9949
6 0.9990 0.8355 0.8893 0.9891 0.9975 0.9971 0.9858
9 0.9990 0.8209 0.8660 0.9926 0.9919 0.9938 0.9909
12 0.9993 0.8333 0.9563 0.9963 0.9929 0.9931 0.9984
16 0.9972 0.8751 0.9668 0.9953 0.9946 0.9968 0.9939
M 0.9986 0.7440 0.9311 0.9910 0.9910 0.9936 0.9928
SD 0.0008 0.2183 0.0500 0.0059 0.0075 0.0039 0.0047
Table K 16. Ankle intratester CMC values for testa* C
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
3 0.9964 0.9785 0.9782 0.9981 0.9824 0.9878 0.9961
6 0.9923 0.9853 0.9936 0.9965 0.9841 0.9990 0.9940
9 0.9961 0.9903 0.9844 0.9995 0.9225 0.9980 0.9946
12 0.9902 0.9812 0.8748 0.9996 0.9763 0.9958 0.9876
16 0.9977 0.9950 0.9956 0.9976 0.9719 0.9980 0.9944
M 0.9945 0.9861 0.9653 0.9983 0.9674 0.9957 0.9933
SD 0.0032 0.0067 0.0511 0.0013 0.0256 0.0046 0.0033
APPENDK L
INDIVIDUAL INTRATESTER CMC VALUES FOR ALL TESTERS
Table L 1. Pelvis CMC values for tester A with ofifsets included
Angle
Subject Sagittal Frontal Transverse
1 0.9735 0.9974 0.9899
4 0.2888 0.9073 0.9290
7 0.8762 0.9464 0.9709
10 0.7994 0.8765 0.9619
13 0.8606 0.7278 0.7170
M 0.7597 0.8911 0.9137
SD 0.2705 0.1019 0.1122
Note. M=average; SD=standard deviation 
Table L 2. ICp CMC values for tester A with offsets included
Angle Torque Power
Subject Sagittal Frontal Trans Swdttal Frontal Trans Sagittal
1 0.9991 0.9940 0.9534 0.9966 0.982 0.9928 0.9920
4 0.9944 0.9794 0.5369 0.9917 0.9846 0.9963 0.9820
7 0.9972 0.9685 0.8806 0.9965 0.9988 0.9846 0.9972
10 0.9481 0.7888 0.7358 0.9965 0.988 0.9591 0.9883
13 0.9837 0.8770 0.8456 0.9793 0.9848 0.9536 0.9644
M 0.9845 0.9215 0.7905 0.9921 0.9876 0.9773 0.9848
SD 0.0212 0.0872 0.1620 0.0075 0.0066 0.0197 0.0127
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Table L 3. Knee CMC values for tester A whh ofifsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9993 0.8585 0.7883 0.9986 0.9821 0.9838 0.9973
4 0.9982 0.7812 0.4817 0.9709 0.9785 0.9967 0.9803
7 0.9988 0.7817 0.8544 0.9503 0.9957 0.9884 0.9827
10 0.9935 0.7608 0.6404 0.9618 0.9733 0.9652 0.9713
13 0.9899 0.3031 0.6953 0.9771 0.8121 0.9536 0.9464
M 0.9959 0.6971 0.6920 0.9717 0.9483 0.9775 0.9756
SD 0.0041 0.2234 0.1437 0.0181 0.0766 0.0177 0.0188
Table L 4. Ankle CMC values for tester A with ofifsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
1 0.9860 0.9083 0.9611 0.9997 0.9063 0.9901 0.9957
4 0.9753 0.9728 0.9175 0.9987 0.9073 0.9953 0.9869
7 0.9923 0.9658 0.9413 0.9965 0.9788 0.9887 0.9818
10 0.9585 0.9679 0.7480 0.9983 0.8537 0.9790 0.9844
13 0.9748 0.9464 0.9220 0.9938 0.9667 0.9572 0.9730
M 0.9774 0.9522 0.8980 0.9974 0.9226 0.9821 0.9844
SD 0.0129 0.0265 0.0856 0.0023 0.0509 0.0151 0.0082
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Table L 5. Pelvis CMC values for tester B whh offsets included
Angle
Subject Sagittal Frontal Transverse
2 0.5945 0.8852 0.7301
5 0.9360 0.9959 0.9970
8 0.7149 0.9387 0.8319
11 0.5815 0.9610 0.9150
14 0.7529 0.9705 0.5216
M 0.7160 0.9503 0.7991
SD 0.1437 0.0418 0.1840
Table L 6. tCp CMC values for tester B with offsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9962 0.9310 0.4321 0.9770 0.9902 0.9395 0.9811
5 0.9411 0.9893 0.0537 0.9920 0.9948 0.9807 0.9749
8 0.9980 0.9774 0.4855 0.9652 0.9974 0.9833 0.9509
11 0.9947 0.9373 0.9241 0.9892 0.9972 0.9995 0.9780
14 0.9996 0.9685 0.6212 0.9984 0.9899 0.9907 0.9952
M 0.9859 0.9607 0.5033 0.9844 0.9939 0.9787 0.9760
SD 0.0251 0.0254 0.3156 0.0132 0.0037 0.0231 0.0160
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Table L 7. Knee CMC values for tester B whh cfifsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9968 0.309 0.8806 0.9818 0.9664 0.9102 0.9851
5 0.9936 0.7659 0.9149 0.9607 0.9858 0.9702 0.9529
8 0.9956 0.5136 0.8624 0.9868 0.9789 0.9765 0.9964
11 0.9947 0.7566 0.889 0.9767 0.9622 0.9982 0.9843
14 0.9866 0.3195 0.4343 0.9546 0.9838 0.9792 0.9874
M 0.9935 0.5329 0.7962 0.9721 0.9754 0.9669 0.9812
SD 0.0040 0.2238 0.2032 0.0139 0.0106 0.0334 0.0165
Table L 8. Ankle CMC values for tester B whh offsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
2 0.9906 0.9546 0.9744 0.9879 0.7361 0.9148 0.968
5 0.9792 0.7047 0.9552 0.9983 0.427 0.9764 0.9924
8 0.8087 0.8971 0.8748 0.9971 0.8874 0.9793 0.9865
11 0.9763 0.8887 0.9561 0.9984 0.9712 0.9985 0.9946
14 0.9909 0.9338 0.8066 0.9993 0.8694 0.9801 0.9886
M 0.9491 0.8758 0.9134 0.9962 0.7782 0.9698 0.9860
SD 0.0788 0.0993 0.0710 0.0047 0.2137 0.0320 0.0106
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Table L 9. Pelvis CMC values for tester C whh offsets included
Angle
Subject Sagittal Frontal Transverse
3 0.9289 0.9968 0.5191
6 0.6503 0.8526 0.9701
9 0.8205 0.9964 0.9800
12 0.8646 0.9707 0.1910
16 0.9603 0.9957 0.9931
M 0.8449 0.9624 0.7307
SD 0.1217 0.0624 0.3621
Table L 10. Hip CMC values for Tester C whh offsets included
Angle Torque Power
Subject Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
3 0.9972 0.9813 0.8065 0.9956 0.9954 0.9920 0.9953
6 0.9840 0.8912 0.8746 0.9960 0.9966 0.9976 0.9956
9 0.9888 0.9974 0.8821 0.9937 0.9933 0.9942 0.9867
12 0.9994 0.9854 0.4379 0.9966 0.9979 0.9931 0.9926
16 0.9770 0.9721 0.8330 0.9895 0.9955 0.9930 0.9841
M 0.9893 0.9655 0.7668 0.9943 0.9957 0.9940 0.9909
SD 0.0093 0.0425 0.1864 0.0029 0.0017 0.0022 0.0052
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Table L U . Knee CMC values for tester C whh offoets included
Angle Torque Power
Subject Saghtal Frontal Trans Saghtal Frontal Trans Saghtal
3 0.9953 0.4051 0.6886 0.9735 0.9775 0.9873 0.9939
6 0.9969 0.8065 0.8177 0.9487 0.9974 0.9969 0.9827
9 0.9982 0.8204 0.4338 0.9816 0.9918 0.9858 0.9870
12 0.9989 0.3560 0.3479 0.9897 0.9859 0.9930 0.9983
16 0.9970 0.6748 0.9539 0.9938 0.9884 0.9968 0.9925
M 0.9973 0.6126 0.6484 0.9775 0.9882 0.9920 0.9909
SD 0.0014 0.2200 0.2549 0.0179 0.0074 0.0052 0.0061
Table L 12. Ankle CMC values for tester C whh offsets included
Angle Torque Power
Subject Saghtal Frontal Trans Saghtal Frontal Trans Saghtal
3 0.9879 0.9774 0.9778 0.9952 0.9189 0.9872 0.9961
6 0.9528 0.9304 0.9918 0.9868 0.9508 0.9965 0.9932
9 0.9891 0.9759 0.9283 0.9992 0.8910 0.9967 0.9944
12 0.9857 0.8478 0.6292 0.9991 0.9754 0.9949 0.9869
16 0.9923 0.9790 0.9665 0.9974 0.9683 0.9980 0.9944
M 0.9816 0.9421 0.8987 0.9955 0.9409 0.9947 0.9930
SD 0.0163 0.0565 0.1525 0.0051 0.0354 0.0043 0.0036
APPENDIX M
AVERAGE INTRATESTER AND INTERTESTER CMC VALUES: OFFSETS REMOVED
Table M 1. Average intratester CMC values
Angle Power Torque
Sagittal 
M SD
Frontal
M SD
Transverse 
M SD
Sagittal 
M SD
Sagittal 
M SD
Frontal 
M SD
Transverse 
M SD
Tester A
Ankle
Knee
Hip
Pelvis
0.9913 0.0048 
0.9987 0.0013 
0.9984 0.0014 
0.9684 0.0144
0.9793 0.0098 
0.7983 0.0867 
0.9954 0.0024 
0.9894 0.0085
0.9734 0.0170 
0.8562 0.0712 
0.7795 0.3100 
0.9568 0.0523
0.9859 0.0076 
0.9770 0.0177 
0.9874 0.0082
0.9980 0.0016 
0.9844 0.0100 
0.9937 0.0072
0.9431 0.0358 
0.9706 0.0379 
0.9920 0.0047
0.9830
0.9786
0.9793
0.0154
0.0184
0.0179
Tester B
Ankle
Knee
Hip
Pelvis
0.9899 0.0076 
0.9973 0.0008 
0.9988 0.0008 
0.8928 0.0749
0.9544 0.0389 
0.7182 0.1551 
0.9846 0.0108 
0.9844 0.0146
0.9866 0.0070 
0.9131 0.0423 
0.7902 0.2194 
0.8672 0.1725
0.9869 0.0101 
0.9828 0.0152 
0.9790 0.0122
0.9982 0.0011 
0.9875 0.0033 
0.9918 0.0045
0.7836 0.3295 
0.9862 0.0052 
0.9963 0.0014
0.9793
0.9775
0.9866
0.0166
0.0150
0.0123
Tester C
Ankle
Knee
Hip
Pelvis
0.9945 0.0032 
0.9986 0.0008 
0.9992 0.0005 
0.8302 0.2653
0.9861 0.0067 
0.74400.2183 
0.9937 0.0041 
0.9907 0.0112
0.9653 0.0511 
0.9311 0.0500 
0.9374 0.0432 
0.8602 0.1917
0.9933 0.0033 
0.9928 0.0047 
0.9912 0.0052
0.9983 0.0013 
0.9910 0.0059 
0.9958 0.0036
0.9674 0.0256 
0.9910 0.0075 
0.9970 0.0013
0.9967
0.9936
0.9948
0.0046
0.0039
0.0024
Note. M=average: SD=standard deviation
o\
Table M 2. Average intertester CMC values
Angle Power Torque
Sagittal Frontal Transverse Sagittal Sagittal Frontal Transverse
M SB M SB M SB M SB M SB M SB M SB
Ankle 0.9910 0.0044 0.9734 0.0117 0.9748 0.0260 0.9905 0.0053 0.9981 0.0012 0.9040 0.0864 0.9823 0.0229
Knee 0.9984 0.0009 0.6970 0.2548 0.8918 0.1035 0.9792 0.0170 0.9856 0.0054 0.9808 0.0225 0.9769 0.0366
Hip 0.9992 0.0007 0.9898 0.0117 0.8609 0.0956 0.9882 0.0069 0.9948 0.0038 0.9952 0.0027 0.9858 0.0171
Pelvis 0.9348 0.0300 0.9744 0.0680 0.8970 0.2102
APPENDED N
CMC RESULTS FOR PART U WITH OFFSETS REMOVED 
Table N 1. CMC values for part II
Angle Torque Power
Sagittal Frontal Trans Sagittal Frontal Trans Sagittal
Ankle 0.9894 0.9773 0.9759 0.9971 0.9382 0.9641 0.9908
Knee 0.9959 0.9471 0.9588 0.9876 0.9789 0.9611 0.4975
Hip 0.9983 0.9926 0.9667 0.9931 0.9922 0.9641 0.4975
Pelvis 0.7577 0.9937 0.9679
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